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I. INTRODUCTION 
"The Ogallala Aquifer. 
dry for irrigation. . 
is slowly being pumped 
" 
U.S. News and World Report, 
Jan. 8, 1979, p. 54. 
The Ogallala is an unconfined fresh-water aquifer extending from 
just north of the Nebraska-South Dakota border to the southern edge of 
the Texas High Plains. The areal extent of the aquifer includes the 
eastern tier of counties in Colorado and New Mexico, the western third 
of Kansas, three counties in Oklahoma, the greater part of the state of 
Nebraska and the Texas "panhandle." The area assumed to overlie the 
aquifer adjusted to county lines is shown in Figure 1! Discontinuous 
segments of the Ogallala Aquifer have also been identified in other areas 
such as central Kansas and south-eastern Colorado and Wyoming. The aqui-
fer may also stretch into counties adjoining the study area; the north-
ern edge of the aquifer, for example, is actually located in South Dakota 
but the aquifer is of minor economic significance in these regions. 
Historical Development 
The last four decades have seen extensive development of irrigation 
in this area primarily using water derived from the Agallala Aquifer and 
sporadically occurring overlying alluvial aquifers. Because the amount 
of groundwater withdrawn greatly exceeds the recharge, the water table 
1Different representations of the aquifer have been made; for exam-
ple, see McGuinness (1964), Sloggett (1977), the High Plains Associates 
(1979), and Gutentag and Weeks (1980). 
2 
Figure 1. Area assumed to derive ground\vater from the Ogallala Aquifer 
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has been falling throughout the area. The purpose of this report is to 
project the consequences of the declining water table for agricultural 
production in the area overlying the Ogallala Aquifer. The projections 
are made with varying assumptions about the relative level of energy 
prices and demands in 1990 and 2000 and the effects of the declining wa-
ter table are compared with the effects of increased energy prices and 
decreased demands. 
The Ogallala draws its name from the geological formation in which 
it is found. The alluvial sediments of the Ogallala Formation were de-
posited during the Pliocene Epoch from material originating in the Rocky 
Mountains. Subsequent geologic erosion has isolated the formation from 
the mountains where it originated and reduced the formation along its 
eastern border. The Ogallala formation outcrops in places but is mostly 
overlain with alluvial or aeolian deposits of Pleistocene and Holocene 
(recent) epochs. 
The water in the Ogallala Aquifer has accumulated gradually over the 
last three million years. A few rivers may contribute to the aquifer at 
least part of the year but the main source of water for the aquifer pres-
ently is rainfall. The recharge from rainfall is less than an inch per 
year. In places the equivalent of more than 1200 years of rainfall can 
presently be found below the surface . But the thickness of the satur-
ated material and, therefore, the amount of water in storage shows con-
siderable variation because of undulations in the surface of the under-
lying formations. The underlying formations are relativelv impervious 
having limited or local significance for irrigation. 
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The water table throughout most of the area lies in the Ogallala 
formation but in eastern Nebraska it lies well above the Ogallala forma-
tion in younger strata. The overlying formations are technically dis-
tinct aquifers but are treated as part of the Ogallala Aquifer in this 
study because they are hydrologically connected. There are both varia-
tions of surface topography and local variation in the potentiometric 
surface, due to patterns of discharge and recharge to the aquifer. Con-
sequently, the depth to water also shows considerable variation for the 
Ogallala Aquifer. 
The widespread adoption of irrigation with water from the Ogallala 
Aquifer first occurred during the 1940s and 1950s in Texas and New Mexico 
south of the Canadian River in the Southern High Plains. According to 
the Department of the Interior (1968) there were 600 irrigation wells in 
this region in 1937 and around 44,000 by 1958. In contrast, there were 
only about 100 wells in 1950 in a nine-county area in northwestern Kansas; 
the number of wells had increased to 2,200 by 1972 (Jenkins and Pabst, 
1975) and there were 383 applications for new wells in the same area in 
1977 (Kansas State Board of Agriculture, 1978). 
To demonstrate the pattern of development in trems of the amount of 
land irrigated the study area is subdivided into three sections as shown 
in Figure 1. The area irrigated in 1974 in the southern section which 
basically corresponds with the Southern High Plains of Texas and New 
Mexico is about the same as it was in 1959. But a continued expansion 
of the area irrigated in the central and northern region has occurred over 
5 
this time period (Figure 2). Furthermore, the Ogallala Zone as a whole 
accounts for nearly 42 percent of the increase in the area irrigated in 
the United States between 1959 and 1974 as shown in Table 1. 
Table 1. Historical development of irrigation from tge Ogallala 
Aquifera in comparison with national trends 
Area Year 1959 1964 1969 1974 
(1,000 acres) 
North Ogallala 1,317 1,457 1,992 3,061 
Central Ogallala 865 1,337 2,189 2,437 
South Ogallala 3,8ll 3,987 3,933 3,877 
Total Ogallala 5,993 6,781 8,ll4 9,375 
Total United States 33,163 37,056 38,196 41,243 
aData include all irrigation in the regions including groundwater 
from all sources, privately and publically provided surface water. 
Groundwater from the Ogallala Aquifer would irrigate around 80 percent, 
98 percent, and 100 percent of the acres shown for the North, Central, 
and South Ogallala zones, respectively, in 1969. 
bSOURCE: Department of Commerce (1961, 1967, 1972, 1977). 
Different crops are important in different regions of the study area 
as illustrated in Figure 3. In the northern section 76.9 percent of the 
area irrigated is used to produce corn and hay , the next most significant 
irrigated crop accounts for only 9 percent of the area irrigated . In the 
central region the area irrigated is almost evenly divided between corn, 
wheat and sorghum with 32 . 3 , 32 .2 and 25.5 percent of the area irrigated. 
In the southern region cotton and sorghum are most important with 36,7 
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Growth of area irrigated in the region drawing upon the 
Ogallala Aquifer, 1959-74 
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Figure 3. Irrigated area by crop in the region drawing upon the 
Ogallala Aquifer in 1974 
8 
and 27.3 percent of the irrigated area; wheat and corn account for an addi-
tional 12.7 and 10.7 percent, respectively, in the southern region. 
Irrigation within the Ogallala is important to local economies in 
the Ogallala Zone. Agribusiness firms and services in general have bene-
fitted from the increased demand for inputs and consumer goods from ex-
pandi~g agricultural production from increased irrigation. The direct 
connection with both the supplies of irrigation equipment on the input 
side and livestock production on the output side is obvious. Local em-
ployment and income multipliers from crop production have both been es-
. d b d b . h 1 t1mate to e aroun two y var1ous aut ors. The region is competitive, 
however, with other regions in terms of agricultural production and in-
creases or decreases in production in the Ogallala region would tend to 
be offset by changes in production in other regions. 
A question of great concern is what is the likely course of future 
developments in the Ogallala regions. There are reasons to suppose that 
both the trend of increasing the area irrigated from the Ogallala Aqui-
fer will continue and that it will reverse. It seems likely that there 
will be some reduction in the area irrigated in the Southern High Plains 
of Texas. A study in 1967 by Hughes and Harman (1969) focused on the 
problem of declining water tables in this region and concluded that the 
area under irrigation had peaked and would decline thereafter. This 
conclusion appears to be borne out by the census data in Table 1. But 
1 
See, for example, Osborn and McCray (1972), Osborn (1973), Osborn 
and Harris (1973), Osborn and Mason (1974), Ekholm et al. (1976), Lace-
well, Jones and Osborn (1976), Lansford et al. (1974), Rohdy, Tanner and 
Barkley (1971), and McCullick (1970). 
9 
there does seem to be the possibility of continued expansion in the cen-
tral and north-central section~ of the Ogallala. 
As shown in Figure 4, the amount of irrigated land in 1974 in the 
central section, and especially in the northern section, is small rela-
tive to the amount of cropland overlying the Ogallala. It may be that 
irrigation is less attractive in a larger proportion of the cropland of 
the central and northern regions because, for example, of greater pumping 
lifts and less adaptable surface terrain. However, a study by Bekure 
(1971) projected the irrigated area to increase in the central region 
until the mid-1990s. 
On the other hand, there are several reasons to think that future 
irrigation development may be curtailed or see substantial reverses. 
The amount of water annually withdrawn from the Ogallala Aquifer exceeds 
the recharge to the aquifer causing declines in the water table. With-
drawals in some counties in Texas have been estimated to be more than 
10 times recharge (Wyatt, Bell and Morrison, 1977). There is no doubt 
that irrigation on this scale cannot be sustained, but it is not clear 
what rates of withdrawal are likely in the immediate future and what will 
be the consequences of changes in the amount of irrigation in the Ogallala · 
as a whole or even shifts in the location of irrigation northwards with-
in the Ogallala. 
Irrigators will be forced to revert to dryland production well be-
fore the physical exhaustion of the aquifer by increasing irrigation 
1 
costs. Pumped water has to be lifted the vertical distance between the 
~app and Dobbins (1977), Lacewell et al. (1978), Condra and Lacewell 
(1975), Coomer (1978), and Young (1977) have focused on the connection with 
energy prices in studies of the Oklahoma Panhandle and the Texas High Plains. 
1974 
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Figure 4. Historical trends in irrigated areas and cropland in 
the Ogallala Zone 
11 
discharge point in the field and the surface of the pumped well. If the 
water table drops by a foot then lift increases by a foot ceterus paribus. 
But all things are not necessarily equal. As the thickness of the sat-
urated material thins the drawdown in the well increases relative to 
saturated thickness causing the well capacity to drop off and thus, ne-
cessitating still greater pumping lifts. If an energy conversion effi-
ciency of 22 percent, pump efficiency of 60 percent and 24 inches of water 
applied per acre are assumed, an additional two gallons of diesel per 
year would be required for each ten foot decline of the water table. 
Annual rates of decline of nearly four feet per year have been recorded 
in parts of the Southern High Plains of Texas. 
Eventually, additional capital costs may be incurred to deepen ex-
isting wells and install larger pumping units or even drill additional 
wells to irrigate an area formerly irrigated by a single well. The end 
process, of course, is the costs of irrigation will finally force the 
decision to revert to dryland production. 
The declining viability of irrigation in the Ogallala region have 
sparked interests in methods to prolong the useful life of the aquifer 
for irrigation and a search for alternative sources of water. Ground-
water conservation districts have been formed in several of the states 
affected. Their functions are to increase awareness of the issue, in-
crease irrigation efficiency, limit well interference and, in Nebraska, 
to limit total withdrawals . A large number of independent studies, es-
pecially in Texas, have been done projecting the amount of land irrigated 
12 
and assessing impacts upon other sectors. The Texas Department of Water 
Resources has established a detailed county level projection system. 
The Bureau of Reclamation has completed two studies investigating the 
possibilities of importing water into the region; the first was a recon-
naissance study, the second a more detailed study of importing water from 
the Mississippi Delta, the most promising route found in the reconnais-
sance study. The benefit cost ratio determined in the latter study was 
0.27 (Department of Interior, 1973). Another large study is currently 
being undertaken for the Economic Development Administration by Camp 
Dresser and McKee Inc., Black and Veath, and Arthur D. Little Inc., to 
assess other interbasin transfers and a wide range of issues that arise 
out of the declining water table in the Ogallala Aquifer (High Plains 
Associates, 1979). 
Changes in energy prices will be an important determinant of the 
cost of irrigation and, therefore, of the future development of the 
Ogallala region. Indices of energy prices as well as the prices of all 
agricultural inputs are shown in Table 2 with 1967 as the base year. 
Energy prices fell relative to the prices of all farm inputs between 
1967-72, bGt increased rapidly between 1973-75. Diesel prices rose 
rapidly during the period 1973-74 but remained stable relative to all 
farm prices, at least until the first quarter of 1979. Natural gas 
prices have risen a lmost continuously since 1973 in part due to the pro-
cess of deregulation. Liquid petroleum prices seem to be following nat-
ural gas prices in the early part of the period but then fall back in 
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line with diesel prices. Electricity prices are fairly stable throughout 
showing little trend with respect to the prices index of all farm inputs. 
The future course of energy prices is subject to great uncertainty. 
It seems likely that prices will increase greatly over the next few years. 
Increases in energy prices will accelerate the economic exhaustion of the 
Ogallala Aquifer and exacerbate changes in regional production patterns 
and shorten the time for adjustment. 
Study Objective 
The objective of this study is to assess the impact of the depletion 
of the Ogallala Aquifer upon agricultural production in the area over the 
Ogallala Aquifer for the years 1990 and 2000. The analysis is made in a 
national context so that effects upon production patterns and resource 
use reflect the changing competitive advantage of the region in compari-
son with the rest of the nation. Two alternative sets of energy prices 
and export levels of agricultural commodities are used because of the im-
portance of these variables upon results and the uncertainty surrounding 
their future values. The effect of changing energy prices and demands 
upon production and resource use in the Ogallala zone is compared with 
the effect of diminished water supply. 
The analysis is made with the aid of a recursive linear programming 
model solved for the years 1990 and 2000. The model represents the range 
of irrigated production possibilities and constraints in the Ogallala 
zone combined with a relatively abbreviated simulation of production 
possibilities and constraints for the rest of the nation. The variations 
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in irrigated production possibilities include combinations of four depth-
to-water intervals and two saturated thickness intervals, each with dif-
ferent irrigation costs and energy requirements. Existing rates of de-
cline of the water table are used to project the configuration of the 
water table for 1990. The recursive element is introduced in the model 
in that the amount of withdrawals in the solution to the 1990 model are 
used to estimate the rate of decline of the aquifer for the period 1990-
2000 and used to estimate the production possibilities for 2000. 
A total of five solutions to the model is obtained. The solutions 
are identified epithetically in Table 3. Solution I has a high level of 
exports and moderate level of energy prices. The high level of demands 
in 1990 is increased only slightly and labeled moderate demands in 2000. 
High energy prices in 1990 represent a quadrupling of base energy prices 
which are an average of energy prices over the period 1975-79. Moderate 
energy prices in 1990 are doubling of the base energy prices. Energy 
prices that are moderate in 1990 are relabeled as low for 2000, while 
high energy prices for 1990 are considered only a moderage level of en-
ergy prices in 2000. All alternatives to the base are expected to have 
a detrimental effect on irrigation. The objective is to gage the magni-
tude of the impact in the Ogallala zone and compare it with the effect 
of the declining water table. 
Energy Prices and Exports 
The levels of exports used are given in Table 4. Both levels of 
exports assumed for 1990 are high. The trends over the last few decades 
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Table 3. Differences in assumptions for model solutions 
Year Solution Exports Energy Prices 
1990 I High Moderate 
II High High 
III Moderate Moderate 
2000 I Moderate Low 
II Moderate Moderate 
Table 4. Alternative levels of exports assumed in the model 
1990 2000 
Crop Units A B 
Feed grains: 
Corn million bushels 3,214 4,821 5,424 
Sorghum " 786 1,179 1,326 
Barley " 46 69 78 
Oats " 18 27 30 
Wheat " 2,856 2,856 3,213 
Soybeans " 1,680 1,680 1,890 
Cotton thousand bales 4,743 4,743 4,743 
have been for a steady increase in demand mainly in exports and produc-
tive capacity through higher yields and more fertilizer use. The trends 
are incorporated in projections of yields for 1990 and 2000. Consequently, 
a growth in exports similar to the historical patterns is needed if the 
mod,e}- is not to be dominated by excess capacity. 
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Export Level "B" for 1990 in Table 4 is selected so that the area 
irrigated in the Ogallala zone would be roughly similar to what it has 
been in the last census. This level of exports represents a tripling of 
the exports of feed grains, wheat and soybeans over the average level of 
exports in the period 1974-77. In light of recent export growth, the 
estimate is optimistic but not unwarranted. To show the effect of a 
lower rate of export growth, a lower level of exports is assumed for one 
alternate solution of a model for 1990. The alternate level of exports, 
Level A 1990, consists of a doubling of feed grain exports and a trip-
ling of exports of soybeans and wheat. 
Also given in Table 4 are demands for 2000. Only a single level of 
demands is used for 2000. The 2000 demands represent a moderate increas~ 
over the demands for 1990 and are, therefore, representative of a more 
conservative estimate of demand relative to productive capacity. 
Table 5 shows the energy prices used in the model. The energy 
prices are estimated by market region for diesel, natural gas, liquid 
petroleum gas (LPG), and electricity. Diesel prices by state for 1975 
were taken from the Department of Agriculture (1975): electricity and 
1 LPG prices by state for 1975 were taken from the Department of Energy; 
2 1975 deregulated natural gas prices by market region are given in 
Dvoskin, Heady and English (1978). Diesel and LPG prices are adjusted 
by state for taxes given by the Department of Transportation (1976). 
Diesel, natural gas, LPG, and electricity . prices are then weighted from 
lp 1 . . ersona commun1cat1on· 
2The prices of natural gas in 1975 as if the industry were deregulated. 
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a Table 5. Energy prices used in the model in 1975 dollars 
Market 
region 
1 
2 
1 
'• 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
Diesel 
o. 610 
0.563 
0,')()7 
0. 6/1U 
0.630 
0.605 
0.599 
0.554 
0.566 
0.550 
0.528 
0.561 
0.592 
0.547 
0.549 
0.552 
0.527 
0.615 
0.534 
0.524 
0.536 
0.541 
0.544 
0.543 
0.639 
0.-590 
o. 717 
o. 721 
Natural 
gas 
(dollars per unite) 
8.24 
8.13 
A.fi5 
u. 73 
6.59 
8.46 
7.21 
7.38 
6.56 
5.94 
5.48 
7.03 
6.59 
6.99 
6. 71 
5.96 
6.14 
4.97 
6.17 
6.50 
5. 71 
6.33 
6.11 
9.38 
5.75 
7.28 
7.18 
7.03 
0.692 
0.641 
0.5fi7 
0.56U 
0.557 
0.572 
0.562 
0.539 
0.540 
0.536 
0.552 
0.539 
0.539 
0.533 
0.537 
0.566 
0.538 
0.520 
0.538 
0.539 
0.595 
0.543 
0.583 
0.600 
0. 609 
o. 612 
0.617 
0.619 
Electricity 
0.0857 
0.0953 
0.07/1 
0.0562 
0.0686 
0.0822 
0. 0692 
0.0701 
0.0524 
0.0565 
0.0531 
0.0659 
0.0668 
0.0623 
0.0686 
0.0481 
0.0551 
0.0503 
0.0495 
0.0498 
0.0489 
0.0496 
0.0510 
0.0312 
0.0464 
0.0643 
0.0566 
0.0572 
a These prices were doubled for Solution II 1990 and Solution II 
2000. 
b Liquid petroleum gas. 
c The units are gallons for diesel and LPG, 1.000 cubic feet for 
natural gas, and kilowatt hours for electricity. 
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states to market regions. Energy prices are then adjusted upwards to make 
them double the average energy prices for the period 1975-79. 1 There-
sultant prices, as given in Table 5, are used in Solutions I and III 1990 
and Solution I 2000. These prices are doubled again for Solution II 1990 
and Solution II 2000. 
The prices given in Table 5 are not high in terms of current prices. 
A diesel price of 60¢ in Table 5 corrected for taxes would be about 73¢ 
or 74¢ in 1975 dollars. If these were adjusted to the last quarter of 
1979 by the index of farm inputs prices (Table 2, page 13) the prices 
would be a little over a dollar per gallon. Current prices are probably 
higher than this already. Natural gas prices may seem relatively higher 
but it must be understood to reflect both deregulation and increases in 
the value of energy as they also slightly more than the double the 1975 
deregulated price of natural gas. 
The solutions for 1990 are designed to show the comparative effects 
of further rises in energy prices and a lower level of demands. Solutions 
II and III will be compared with Solution I to illustrate the impacts of 
these changes. 
The interest in the solutions for 2000 are twofold: to demonstrate 
the effects of an energy price rise where demands are not so close to 
productive capacity, and to compare these effects with that of the decline 
of the water table after the cumulative effects of a further 10 years' 
decline in the water table are included. 
1see discussion on pages 12 and 14 and Table 2, page 13· 
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The effect of the declining water table is estimated from analysis 
of the solutions comparing the area irrigated with the area that would 
be irrigated if the water table did not change over the period 1977-1990. 
Production lost through the declining water table is less than one per-
cent nationally which is not enough to significantly affect national 
prices and land use patterns. The purpose is to estimate the effects of 
the changing water table on economic and resource variables in the Ogallala 
zone where locally significant changes should result. The alternatives 
selected also enable an evaluation of the effect of the falling water 
table in a range of economic conditions. 
The two solutions obtained for 2000 both are also linked with So-
lution I 1990. The level of water withdrawals from the Ogallala Aquifer 
selected in 1990 is compared with the level of withdrawals in 1974. The 
rates of decline in the North, Ceritral and South Ogallala zones are in-
creased or decreased in proportion to the ratios of water withdrawn. 
Therefore, the weights used in estimating irrigation constraints in the 
Ogallala zone assume a pattern of withdrawals in the period 1990-2000 
similar to that selected by the model in Solution I. 
A detailed documentation of the model is presented in Chapter II. 
The main features of the base solutions and effect of the decline of the 
water table are all discussed in Chapter III. The effects of changing 
energy prices and demands on resource use are given in Chapter III. 
Chapter IV focuses on effects within the Ogallala Zone. Summary and 
conclusions are presented in Chapter V. 
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II. MODEL DESCRIPTION 
The model used in this study is adapted from three previous models 
developed at the Center for Agricultural and Rural Development: the 
National Water Assessment Model (Meister and Nicol, 1975), the OBERS 
1 Model developed for the USDA largely by Boggess, and the CARD Energy 
Model (Dvoskin, Heady and English, 1978). The "Ogallala Model," like its 
predecessors, can be divided into endogenous and exogenous components. 
The endogenous component consists of a recursive linear programming model 
which minimizes the costs of production and distribution of 11 endogenous 
crops subject to maximum constraints on land and water used and minimum 
constraints on product availability with predetermined relationships be-
tween yields, resource use, and costs of production, all by region. The 
linear programming model selects the regional levels of production, re-
source use, and crop and land prices. The exogenous component consists 
of a number of projections of resource use by the exogenous agricultural 
sector and changes in such variables as population, exports, income and 
yields which are used in estimating coefficients, and restraints for the 
endogenous linear programming model. 
Regional Definition 
The model is defined over the 48 contiguous states; interactions 
with the rest of the world are limited to an exogenously determined 
1William Boggess, Assistant Professor, University of Florida. Much 
of the material in this model has not been documented but made available 
through personal communications. 
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level of exports. The contiguous states are partitioned into the 105 
producing areas (PA' s ) shown in Figure 5. Distinct production activities 
and restraints are specified for each PA. The PA's are identical, with 
cer tain exceptions, to the Water Resource Council's ''aggregate subareas" 
(ASAs) shown in Figure 6. Six of the aggregate subareas have been di-
vided to make the following pairs of PA's: 55 and 56, 58 and 59, 65 and 
66, 67 and 68, 72 and 73, and 74 and 75. The six aggregate subareas are 
divided because of significant differences in costs, yields , and pro-
duction practices within these aggregate subareas. 
The PA's can also be grouped into three zones with increasing dis-
aggregation in the representation of the production possibilities and 
constraints in each zone. The three zones are also shown in Figure 7. 
The most detailed representation is made for the Ogallala Zone, where 
restraints and production activities are specified for five land-resource 
classes1 and irrigation from the Ogallala Aquifer is represented for 
eight distinct water situations. A single land-resource class is used 
for PA's in the Eastern and Western zones, but three irrigation possibil-
ities are specified in the Western Zone: irrigation with surface water, 
irrigation with groundwater, and production without irrigation. No dis-
aggregation is made for irrigation in the Eastern Zone since irrigation 
activities are not defined for this area. Irrigation with surface water 
and irrigation with groundwater from aquifers other than the Ogallala are 
also represented in the Ogallala Zone. The PA's in the Western and 
1Ad ·. f h 1 d [ J escr1pt1on o t e an classes is given in Boggess 1980 . 
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Ogallala zones account for nearly 95 percent of all irrigation water 
used in the contiguous states. 
Results are also reported on the basis of the zones. The Ogallala 
Zone is disaggregated for reporting results into the North, Central, 
and South Ogallala, which consist of PA's 55 and 58, 63 and 65, and 67, 
72, and 74, respectively. This is because irrigation in the Ogallala 
Zone has developed unevenly and may have different fut~re course of de-
velopment as described in Chapter I. 
The PA's are aggregated into the 28 market regions (MR's) as shown 
in Figure 8. Each MR is identified by a major city within its area. 
Transportation of commodities is defined between these cities in the 
linear programming model. Most commodity constraints are set at the MR 
level. The exception is cotton, which is constrained at the national 
level. Nitrogen available from livestock wastes, nitrogen, and energy 
prices all function at the MR level of aggregation. The model determines 
crop prices at the market region level, but these are weighted into the 
zones for reporting results. 
Activities 
The primary variables or activities of the linear programming model 
are rotations each of which represent a combination of one to four en-
dogenous crops. There are eleven endogenous crops: barley, corn grain 
and silage, cotton, legume and non-legume hay, oats, sorghum grain and 
silage, soybeans, and wheat. Coefficients are developed for each rota-
tion in each PA reflecting amounts of water, nitrogren, energy, yields, 
Figure 8. The aggregation of the 105 producing areas into market 
regions with principal cities shown 
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and costs of all inputs except land. The cost of land and returns to 
management are determined endogenously in the model. Rotations are scaled 
to one acre of land so all other coefficients are in units per acre. 
Other variables represent interregional transfers of crops and water 
which allow the model to simulate interregional competition. 
Rotations 
Rotations represent production of the endogenous crops in fixed 
proportions. A number of basic rotations typical of local production 
practices are specified for each PA. Coefficients for each rotation 
are a weighted average of the coefficients for each crop in the rotation. 
The coefficients estimated for each rotation are costs (which include 
energy costs, pesticides, labor, machinery, ownership costs for capital 
goods, and costs of other miscellaneous inputs), yields, and the quantity 
of nitrogen fertilizer, other fertilizers, and water (where applicable) 
associated with each yield. Yield and fertilizer coefficients for ro-
tations which contain legume hay or summer fallow are modified appropri-
ately. 
A number of activities are included in the model for different vari-
ations of each basic rotation. Three types of tillage practices and two 
fertilizer levels are variations included for all rotations. The three 
tillage practices are fall moldboard plowing, spring plowing, and re-
duced tillage. Reduced tillage is defined as leaving some residue on 
the ground all year. The quantity of residue varies by area. Different 
costs for machinery and pesticides, different energy coefficients, and 
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different yields are estimated for each practice. In addition, two lev~ 
els of water use are included for all irrigated rotations. The basic 
relationships between yields and fertilizer were estimated by Stoecker 
(1974). Combinations of alternate levels of nitrogren and water andre-
sultant yields are estimated following the data and procedures described 
in English and Dvoskin (1977). All variations of each rotation are du-
plicated on each land class and, where appropriate, for each irrigation 
possibility. Consequently, the number of variations in the model for 
each non-irrigated rotation is six, 24 for irrigated rotations in the 
Western Zone, and up to 288 for irrigation from the Ogallala Aquifer. 
Costs of production by land class and by tillage practice were estimated 
by Boggess for the OBERS model. Energy coefficients by tillage practice 
were taken from Dvoskin, Heady, and English (1978). Energy coefficients 
for irrigation are given in Short (1980). Water coefficients were taken 
from the Department of Agriculture (1976). 
In addition, a number of activities are included which produce only 
hay and use only water. These activities are bounded by the amount of 
irrigated hayland available in a region. They allow the model to com-
pete for water which may be used on hayland which is not included endog-
enously in the model. 
Water and commodity transfers, land conversion 
Commodity transfers are defined for all crops (except hay, silage, 
and cotton) between all contiguous MR's and between selected non-
contiguous MR's. More information on costs and routes are given in 
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Meister and Nicol (1975). The energy coefficients were taken from Dvoskin, 
Heady, and English (1978) and assume one gallon of diesel per 235 ton 
miles reflecting rail road fuel efficiencies and distances between prin-
cipal cities in Figure 8. 
Water transfers are described in more detail in Short and Turhollow 
(forthcoming). Two sets of water transfers are defined in the model; 
the first represents the natural flow of surface water along the river 
courses between producing areas. The pattern of these natural transfers 
is shown in Figure 9. The second set (Figure 10) represents artificial 
transfers along canals and, in a few cases, corrections for the establish-
ment of PA boundaries along county lines rather than natural watersheds. 
Costs are established for these transfers representing canal operation 
costs, but no charges are used on the natural transfers. 
In addition, activities are included to allow the conversion of pas-
ture and forestland to non-irrigable cropland. The prices for conversion 
used are given in Meister and Nicol (1975). These activities are also 
bounded at the levels given by Meister and Nicol (1975). As much as 11 
million acres may be converted by 1990 and 18 million by 2000. 
The objective function 
The objective function minimizes the sum of the rotation costs, and 
water and commodity transfer costs. The expression to be minimized can 
be expressed mathematically as: 
L 
rtnpl 
(CD NR + 
rtnpl rtnpl t CR IR ) rtnplws rtnplws 
WS 
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where: 
2: CC LC p p + 2: 
uv 
ex w + 
uv uv 
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2: CT .. T .. 
Cl.J Cl.J , 
r = 1,2, ••. for the rotation, 
t 1,2,3 for the tillage practice, 
n = 1,2 for the nitrogen level, 
p 1,2, ... ' 105 for the PA, 
1 1,2, ... , 5 in Ogallala Zone and D elsewhere for the 
land class, 
w 1,2 for the water level, 
s = 1, 2, ... , 8 for the water situa,tion for the Ogallala 
Aquifer or 1,2 for surface and groundwater otherwise, 
u,v = 1,2, .•. ,51 for the ASA, 
c = 1,2, ... , 7 for transferable crops, 
i,j = 1,2, ... , 28 for the MR, 
CR is rotation cost per acre; 
NR is area for the non-irrigated rotation selected; 
IR is the area of the irrigated rotation selected; 
cc is the cost of forest or pasture land conversion per acre; 
LC is the amount area of forest or pasture converted; 
cw is the cost of artificial water transfer per acre foot; 
w is the amount of water transferred; 
CT is cost of commodity transfer per unit; and 
T is amount of commodity transfer. 
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Constraints 
Constraints are defined in the linear programming model at all three 
levels of aggregation: national, market region, and producing area. The 
type of constraints established varies, however, by zone. The model is 
driven by minimum constraints on product availability or demands. De-
mands must be met at the market region or, in the case of cotton, national 
level, and are independent of the zones. The demands can be met by com-
modities produced in the area where it is needed or produced elsewhere 
and transferred. 
The main limitations on production are land and water constraints 
at the producing area level. Land and water demands for exogenous crops, 
l ivestock, and non-agricultural uses are determined exogenously a nd con-
straints established so that these resource demands are all satisfied. 
Other resources such as energy and nitrogen influence production by their 
cost but do not limit production, because unbounded variables represent-
ing purchases of these resources are included in the model. 
The model of estimating land and water constraints does vary from 
zone to zone. This is because of the different structure of agriculture 
in the contiguous states and because of our particular interest in the 
Ogallala Zone. Land in the Ogallala Zone is divided into five land 
classes, but only a single land class constraint is used in other zones. 
The constraints for non-irrigable land may be written, therefore, as: 
(2a) 
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for the Eastern and Western zones and, for the Ogallala Zone, as: 
where: 
E' NRrtnpl - LTpsl - LOTpsl + LC < Lpl 
rtn 
r = 1,2, ••• for the rotation, 
t = 1,2,3 for the tillage practice, 
n 1, 2 for the nitrogen level, 
(2b) 
p 55, 58, 63, 67, 72, 74 for the PA's in the Ogallala 
Zone, or 
p 1, 2, ... , 105 for the PA's (excluding the seven Ogallala 
PA's) otherwise, 
1 1, 2, ... , 5 for the land classes in the Ogallala Zone, 
s = 1, 2 for the source of water, or 
s = 1, 2, .•. , 8 for the water situations in the Ogallala 
Aquifer, 
NR is the amount of non-irrigable land selected; 
LT is the amount of land that could be irrigated but the 
model elects to use without irrigating; 
LC is the amount of forest and pasture land converted to 
cropland; and 
L is the maximum amount of non-irrigable cropland available 
as shown in Table 6. 
1 Table 6 is based upon data from Boggess. The amount of irrigable 
land and the amount of surface water available are also constrained in 
the western zones. Land irrigated from the Ogallala Aquifer is con-
strained by water situation as well as land class. The rationale for 
1William Boggess, Assistant Professor, University of Florida . 
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Table 6. Constraints for non-irrigable land by producing area for 
1990 and 2000 
PA LC 1990 2000 
(1,000 acres) 
1 NA 510.510 515..600 
2 NA 61.920 62.100 
3 NA 33.960 37.400 
4 NA 63.810 65.500 
5 NA 230.570 234.600 
6 NA 295.110 295.300 
7 NA 844.910 847.600 
8 NA 
. 
63.400 65.500 
9 NA 1, 611.240 1,620.700 
10 NA 2,748.180 2, 751.900 
11 NA 2,562.320 2,579.400 
12 NA 1,290.080 1,294.500 
13 NA 4,077.310 4,125.300 
14 NA 4,626.950 4,647.200 
15 NA 3,031.980 3,036.700 
16 NA 1,230.040 1,197.600 
17 NA 228.900 211.700 
18 NA 2,430.680 2,426.700 
19 NA 2' 149.400 2,145.900 
20 NA 1,726.820 1,729.800 
21 NA 1 ,401. 850 14,004.800 
22 NA 439.980 439.900 
23 NA 2,808.450 2,811.400 
24 NA 2' 171.400 2,173.600 
25 NA 4,878.400 4,889.200 
26 NA 2,340.550 2,343.600 
27 NA 6,409.900 6,122.000 
28 NA 996.740 1,003.500 
29 NA 2,184.030 2,195.600 
30 NA 753.850 754.600 
31 NA 2,368.950 2, 372.000 
32 NA 5,895.270 5,898.500 
33 NA 296.990 297.600 
34 NA 5,123.02 5' 137.600 
35 NA 13,411.800 13,417.700 
36 NA 2,042.780 2,047.400 
37 NA 1,104.170 1,106.700 
38 NA 2,578.400 2,580.200 
39 NA 12,401.740 12,391.400 
40 NA 6,249.420 6,250.500 
41 NA 24,766.520 24,772.700 
42 NA 13,014.240 13,017.800 
43 NA 4, 721.240 4,721.900 
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Table 6o (continued) 
PA LC 1990 2000 
(1,000 acres) 
44 NA 9,122o670 9,064o700 
45 NA 7,613ol20 7,603o300 
46 NA 2,320o430 2,267o200 
47 NA 18,557o940 18,672o600 
48 NA 4,514o 720 4, 514ol90 
49 NA 4,009o240 4,010 0 500 
50 NA 898o840 899 o110 
51 NA 2,054o761 2,042o920 
52 NA 13, 124.ll7 13, 174o010 
53 NA 13,872.363 13,917o750 
54 NA 4,652o458 4,6690180 
55 1 117 0 925 14o51 
2 209.073 42o24 
3 179.520 86.61 
4 588.408 588.71 
5 269o919 274o000 
56 NA 2,735o324 2,718o890 
57 NA 9,9600770 9' 954.840 
58 1 850o 851 826o090 
2 3,569o926 3,373.160 
3 1,733o548 1,676.590 
4 2,058o850 2,058.850 
5 803ol00 803ol0{) 
59 NA 4,068o511 3,926o450 
60 NA 9,656.579 9,656o800 
61 NA 1,348o810 1,309.520 
62 NA 1,8890179 1,883.390 
63 1 2,094.580 2,073.100 
2 6,184.849 6,112.040 
3 2,945.795 2,9320180 
4 2,244.696 2,244.690 
5 544.820 544.820 
64 NA 4,769o255 4, 762 0 710 
65 1 OoOOO OoOOO 
2 893.992 940o680 
3 231.752 273o880 
4 509.610 509.970 
5 171.224 171.170 
66 NA 1, 832.148 1,879o920 
67 1 lOo 701 10.230 
2 588.479 588o480 
3 lOS. 388 119.710 
4 124.272 124.310 
5 29.723 29.730 
68 NA 6,099.148 6,173o530 
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Table 6. (continued) 
PA LC 1990 2000 
(1,000 acres) 
69 NA 1,340.283 1,377.770 
70 NA 393.341 392.720 
71 NA 2,306.750 2,316.650 
72 1 185.154 221.550 
2 986.291 1,122.480 
3 472.169 510.000 
4 237.290 237.290 
5 0.000 187.05 
73 NA 5,172.177 5,183.270 
74 1 0.000 0.000 
2 209.465 221.560 
3 469.186 526.200 
4 663.960 664.750 
5 247.600 247.720 
75 NA 3,096.348 3,101.440 
76 NA 3,343.07!+ 3,363.870 
77 NA 0.000 0.000 
78 NA 128.584 118.760 
79 NA 7.361 7.360 
80 NA 0.000 4.220 
81 NA 354.637 358.330 
82 NA 24.375 14.160 
83 NA 21.308 13.090 
84 NA 174.643 171.180 
85 NA 27.199 26.440 
86 NA 0.000 0.000 
87 NA 38.689 148.74 
88 NA 544.476 518.910 
89 NA 85.590 85.590 
90 NA 0.000 0.000 
91 NA 0.000 0.000 
92 NA 572.190 568.950 
93 NA 5,644.800 5,580.370 
94 NA 1, 231.030 763.780 
95 NA 2,183.620 2,155.900 
96 NA 1,358.460 1, 346. 140 
97 NA 261.690 273.670 
98 NA 108.120 100.590 
99 NA 142.460 132.150 
100 NA 825.280 795.160 
101 NA 420.910 0.000 
102 NA 182.830 176.450 
103 NA 666.980 660.450 
104 NA 198.000 177.610 
105 NA 0.000 0.000 
N~ot applicable. 
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these constraints and the methods used in estimating them is explained 
in the next two subsections. The model allows all such land to be used 
without irrigation as well. 
Land and water constraints for irrigation in 
both the Ogallala and Western zones 
Irrigated activities in the Western and Ogallala zones are divided 
into two categories depending upon whether surface water or groundwater 
is used. The dichotomy is important, because costs and energy needs are 
different in the same PA according to the source of water. Irrigation 
with groundwater and with surface water also differ in how they interact 
with other uses in limiting irrigation. Another important differnece 
for modeling is that surface water is purely a flow resource, whereas 
groundwater has aspects of both a stock and a flow resource. 
Both sources of water are closely tied in use to the land with which 
they are found. Surface water more readily admits to competition between 
uses and between users in different regions because of interregional and 
intraregional transfers. Because surface water is a flow resource, all 
uses must be limited by the amount that becomes available from precipi-
tation in a season. Consequently, constraints are necessary to represent 
the competition for surface water. In developing the constraints, it is 
assumed that non-agricultural users, livestock demands, fish and wildlife 
demands, downstream requirements and the irrigation of exogenous cropland 
are higher valued uses than the irrigation of endogenous cropland . The 
constraints for surface water availability are calculated as the differ-
ence between total water available and the water required by these 
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exogenous demands. The net effect of transfers between aggregate 
subareas and water used in crop production in the linear programming 
model must be less than this difference: 
E w R + ~ NT + 
rp rp pg E AT < WA - NAG - EAG pq p p p (3) 
r = 1, 2, ... for the irrigated rotations, 
pq = 1, 2, ... , 52 for the aggregate subareas, 
where: 
w is the water use per acre; 
R is the number of acres; 
NT is the transfer of water between ASA 1 s along a natural 
water course; 
AT is the transfer of water between ASA's along a canal; 
NAG is the sum of the non-agricultural demands for water; and 
EAG is the sum of the exogenous agricultural demands for water. 
More detail on how the surface water constraints are estimated is given 
in Short and Turhollow (forthcoming). 
Irrigation with surface water is also limited by the amount of 
land that can be irrigated. Not all of the land within a PA can be irri-
gated with surface water even if there is a surplus. Consequently, a 
constraint is needed to represent the amount of land that can be irri-
gated with surface water. But data are not directly available on the 
amount of land irrigable with surface water, so it is necessary to esti-
mate these data from diverse sources. 
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Surface water for irrigation may originate from either individual 
on-farm sources or from irrigation organizations. There is little scope 
for expansion in the area irrigated from on-farm sources of surface water 
in the Western and Ogallala zones. The area irrigated from on-farm 
sources is given in the 1959 Census of Agriculture (Department of Com-
merce, 1961) by county and by state. The amount of water derived from 
this source is given in the 1969 Census by state (Department of Commerce, 
1972). If the water from on-farm sources of surface water by state in 
1969 were divided by the average amount of water applied per acre by state 
is used as an estimate of the areas irrigated from on-farm sources of 
surface water, the resultant estimates are very close to the areas re-
ported directly in the 1959 census. 1 Therefore, it is assumed that the 
area that can be irrigated from on-farm sources of surface water will be 
the same in 1990 and 2000 as the areas irrigated by state in 1969 estima-
ted as just described. The 1969 areas irrigated by state are weighted to 
producing areas using weights derived from county level data reported in 
the 1959 census. The areas estimated in this manner are reported in 
Table 7. 
The area irrigated with surface water from irrigation organizations 
in 1969 is also reported in Table 7. These data were taken from the 1969 
Census where areas are given by Water Resource Council Subareas. For a 
few PA's, it is necessary to make assumptions to break apart data pre-
sented in aggregate form to protect confidentiality. The areas irrigated 
1These data are not reported in the 1969 census or 1974 census. 
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Table 7 • Disaggregation of irrigated land by source of irrigation 
water 
Proportion 
Area irrigable irrigable 
from Total area with surface 
surface sources irrigable water 
PA On-farm Organization 1990 2000 1990 2000 
( 1,000 acres) 
48 34.084 123.551 280.073 280.064 .56 .56 
49 434.554 580.078 1,105.986 1' 105.164 .92 .92 
50 53.390 57.721 147.189 147.195 .75 .76 
51 245.893 1,128.218 1,428.139 1,423.598 .96 .97 
52 74.379 108.946 307.274 307.625 .60 .58 
53 8.813 71.784 138.228 138.230 .58 .58 
54 541.493 1,733.843 2,419.249 2,419. 723 .94 .94 
55 52.901 585.182 2,181.331 2' 181.849 .29 .29 
56 5.124 0.000 159.973 160.019 .03 .03 
57 1.462 0.000 36.309 36.326 .04 .04 
58 26.489 134.108 1,195.227 1,195.762 . 13 .13 
59 28.066 0.000 1,038.089 1,038.237 .03 .03 
60 0.798 0.000 5.494 5.493 .15 .15 
61 0.000 0.000 20.289 59.843 .00 .00 
62 75.387 431.001 635.718 635.801 .80 . 80 
63 15.894 51.083 1,847.237 1,849.752 .04 .04 
64 7.513 0.000 40.732 40.729 .18 .18 
65 25.042 75.083 1,412.231 1,412. 253 .07 .07 
66 1. 794 0.000 46.797 46.828 .04 .04 
67 6.734 0.000 672.219 672.215 .01 .01 
68 33.804 59.256 539.503 539.793 . 17 • 17 
69 13.869 0.268 37.778 37.796 .37 .37 
70 29.765 97.350 183.876 183.873 .69 .69 
71 56.643 98.268 521.304 521.304 .30 .30 
72 28.198 0.525 3,006.710 3,006.867 .01 .01 
73 34.621 34.031 237.267 237.282 .29 .29 
74 2.049 0.000 733.808 733.827 .00 .00 
75 47.289 66.018 426.159 426.127 .27 .27 
76 45.802 50.183 488.278 488.218 .20 .20 
77 74.677 521.083 1.00 1.00 
78 19.759 352.124 505.026 505.202 .74 . 74 
79 7.257 13.420 288.522 288.503 .07 .07 
80 13.185 61.751 211.832 211.923 .35 .35 
81 116.416 620.270 814.313 814.311 .90 .91 
82 259.232 600.758 1,038.035 1,037.939 .83 .83 
83 232.504 583.019 1.00 1.00 
84 30.658 306.728 386.693 386.550 .87 .87 
85 4.022 19.283 33.700 33.722 .69 .69 
86 11.227 330.325 375.741 377.236 .91 .91 
87 22.366 276.853 972.924 978.822 .31 .31 
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Table 7 • (continued) 
Proportion 
Area irrigable irrigable 
from Total area with surface 
surface sources irrigable water 
PA On-farm Organization 1990 2000 1990 2000 
(1,000 acres) 
88 70.144 881.667 1.00 1.00 
89 19.900 359.060 493.170 492.991 .77 .77 
90 206.684 45.946 1,128.659 1,128.652 .22 .22 
91 92.434 201.778 317.345 317.368 .93 .93 
92 183.286 290.821 655.698 655.814 .72 .72 
93 200.971 1,319.161 1,883.028 1,885.392 .81 .81 
94 309.137 2, 708.136 3,825.352 3,825.531 .79 .79 
95 126.430 141.331 362.819 362.763 .74 .74 
96 143.761 115.955 411.419 411.567 .63 • 63 
97 29.212 18.964 63.221 64.613 .76 .75 
98 135.916 45.904 294.660 294.659 . 62 . 62 
99 120.328 293.610 1.00 1.00 
100 321.936 754.441 1,820.161 1,824.349 .59 .59 
101 219.515 3,148.750 4,680.206 4,693.253 .72 .72 
102 77.314 33.728 291.589 292.427 .38 .38 
103 11.269 26.043 361.715 363.135 .10 .10 
104 19.315 743.039 1,142.275 1,145.333 .67 .67 
105 25.103 1. 635 60.788 61.788 .44 .43 
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with water from irrigation organizations are adjusted for groundwater used 
by organizations and for transfers between organizations assumed to be 
100 percent surface water. Water from irrigation organizations is approx-
imately 97 percent surface water. New public developments expected to be 
"on-line" in 1990 and 2000, as reported in Meister and Nicol (1975), are 
also included in the area irrigable with water from irrigation organiza-
tions. The areas irrigated with water from on-farm sources and from irri-
gation organizations may be added to give total area irrigated with sur-
face water including cropland for endogenous and exogenous crops and for 
irrigated hay and pasture land. 
1 Boggess projects total land irrigable and irrigable endogenous crop-
land for 1990 and 2000. Boggess' projections combine land irrigable with 
surface water and groundwater. They are derived from the 1967 Conserva-
tion Needs Inventory and include all land irrigated in 1967 adjusted for 
irrigation developments 1967-74 and for future public developments of 
irrigated land expected to be "on-line" in 1990 and 2000. The proportions 
of irrigated land which are irrigable with surface water are found by 
dividing the surface irrigable by all irrigable land. These proportions 
can then be used to disaggregate Boggess' irrigable endogenous cropland 
into land irrigable with surface water and land irrigable with groundwater. 
This procedure assumes that the proportions derived in Table 7 for aggre-
gated irrigated land are valid for endogenous cropland. Table 8 shows the 
constraints for endogenous land irrigated with surface water that are de-
rived using this procedure. 
~illiam Boggess, Assistant Professor, University of Florida. 
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Table 8. Constraints on land irrigable with surface and groundwater 
Irrigable with Irrigable with 
surface water groundwatera 
PA 1990 2000 1990 2000 
(1,000 acres) 
48 68.78 68.80 53.44 53.40 
49 504.48 504.26 45.42 45.04 
50 53.17 53.19 17.27 17.29 
51 626.33 628.06 45.99 56.63 
52 89.40 77.78 103.60 117.54 
53 77.57 77.43 62.97 67.17 
54 1,176.11 1,206.78 254.51 229.39 
55 527.83 528.13 452.60 55.44 
56 4.95 4.94 178.60 195.42 
57 1.55 1.15 30.74 33.49 
58 162.35 162.34 111.20 111.49 
59 27.77 27.74 1,245.00 1,387.16 
60 0.78 0.78 5.28 5.66 
61 0.00 0.00 20.29 37.46 
62 367.04 368.06 104.86 111.91 
63 66.92 66.92 332.70 275.24 
64 3.60 3.81 27.25 34.78 
65 150.38 151.47 0.00 0.00 
66 0.62 1.43 25.04 18.97 
67 1. 81 1.81 0.00 0.00 
68 55.48 81.89 415.51 321.60 
69 8.83 8.81 58.33 21.41 
70 60.76 56.51 32.14 30.28 
71 85.80 81.39 217.26 206.97 
72 4.72 5.08 64.87 64.90 
73 41.94 41.46 111.27 110.23 
74 2.34 2.34 84.87 85.32 
75 57.72 54.86 174.76 166.77 
76 59.11 57.07 257.70 248.71 
77 262.55 266.42 o.oo o.oo 
78 272. 19 273.54 119.84 130.33 
79 19.66 19.69 263.61 262.71 
80 69.28 69.42 130.78 130.85 
81 515.95 500.65 92.67 90.86 
82 367.43 367.70 93.84 103.54 
83 282.36 283.50 7.66 22.90 
84 187.32 187.54 25.73 36.65 
~xcludes land irrigable from the Ogallala Aquifer in land classes 
1, 2, and 3. 
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Table 8. (continued) 
Irrigable with Irrigable with 
surface water groundwater 
PA 1990 2000 1990 2000 
( 1' 000 acres ) 
85 14 . 29 14.30 7.66 8.43 
86 154.12 156.38 25.73 26.72 
87 257.35 258.87 629.47 666.72 
88 501.60 510.22 15·.21 24.05 
89 291.53 292.05 87.86 87.73 
90 84.14 84.20 294.89 294.83 
91 111.43 111.56 8.76 8.79 
92 149.54 150.22 59.32 60.79 
93 900.28 871.68 278.45 310.36 
94 1,944.51 1,949.35 816.66 989.10 
95 139.34 138.82 69.88 81.58 
96 129.93 119.28 82.06 79.52 
97 5.20 1. 67 4.34 4.87 
98 121.44 121.43 80.15 82.94 
99 247.06 247.44 6.50 10.31 
100 323.35 293.61 242.31 234.15 
101 2,223.30 2,224.85 916.37 954.25 
102 37.26 38.24 64.57 68.78 
103 4.91 5.25 46.81 52.24 
104 402.00 404.70 213.63 224.17 
105 2.89 2.85 3.69 o.oo 
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We now turn to constraints on irrigation with groundwater. In 
practice, groundwater is even more closely tied in use to the land than 
is surface although the opposite is probably the case in terms of water 
rights. In general, groundwater underlying cropland does not have com-
peting uses either spatially or in terms of the purpose to which the 
water is applied. Aquifers contain a stock of water, so there is not a 
meaningful limit on the amount that would be pumped in a given year. 
But the amount of land overlying viable aquifers does limit the amount 
of irrigation feasible with groundwater in a particular PA. Therefore, 
constraints are used to limit the land that can be irrigated with ground-
water, but the amount of water that may be pumped is not restrained. 
The procedure used to estimate PA constraints on the area that can 
be irrigated with groundwater differs for the Western and Ogallala zones. 
The area irrigable with groundwater is estimated from two sources. The 
proportion of Boggess' irrigable endogenous cropland that is irrigable 
with groundwater is estimated with the proportions in Table 7. Possible 
future private development of irrigation with groundwater is incorporated 
by adding the estimates of possible future conversions of non-irrigable 
endogenous cropland given by Meister and Nicol (1975). The constraints 
for non-irrigable land in Table 3 are adjusted accordingly. The final 
constraints for land irrigable with groundwater are given in Table 8. 
The constraints on the areas that may be irrigated may be summarized as: 
E 
rtnw 
LR + LT < L 
rtnpws ps ps (4a) 
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for the Western Zone, and f or the Ogallala Zone, as; 
where: 
I 
ntnw 
IR + LT < L 
rtnpwsl psl psl 
r = 1, 2 , ... for the rotation, 
t 1, 2, 3 for the t i llage practice, 
n 1, 2 for the nitrogen level, 
(4b) 
p 55, 58 , 63, 65, 67, 72, 74 f or the PA's in the Ogallala 
Zone , or 
p 1, 2, ... , 105 f or the PA's (excluding the seven Ogallala 
PA's) otherwise, 
w 1, 2 for the water level, 
s = 1, 2 for the source of water (groundwater or surface 
water), 
1 1, 2, ... , 5 for the land c l asses in the Ogallala Zone, 
IR is the amount of irrigated land, 
LT is the amount of irrigable land the model elects to use 
without irrigating, and 
L is the maximum amount of irrigable endogenous cropland 
available as shown in Table 5. 
This method of constraining irrigation implies that l and cannot be 
irrigated with both surface or groundwater. According to the 1959 Census 
(1961), only 3 percent of irrigated land in the 17 western states could 
be irrigated with either groundwater or on-farm sources of surface water. 
An additional 17 percent could be irrigated with water from irrigation 
organizations and some other source. The assumption held, therefore, 
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for about 80 percent of the area irrigated in 1959, More recent data 
are not available, so no attempt was made to allow land to switch from 
irrigation with groundwater to irrigation with surface water or vice 
versa even though this is a possibility in some areas. 
Constraints on irrigation from the Ogallala Aquifer 
The basic problem in modeling the production possibilities and con-
straints of irrigation from the Ogallala Aquifer is to incorporate the 
variability. Because of variation in the depths to water and saturated 
thickness, some irrigation will remain profitable when irrigation else-
where is not. The method adopted is to break the area using water from 
the Ogallala into water situations, as did Bekure (1971) and Coomer (1978) 
and Young (1977). 
Eight water situations are defined as the intersection of two sat-
urated thickness intervals, 0-100 and 100+ feet, and four depth to water 
intervals, 0-50, 50-100, 100-200, and 200+ feet. The emphasis is on depth 
to water intervals, because energy costs are directly dependent on depth 
to water and pumping lift. Weights representing the proportions of land 
of each PA in each water situation for a given year are estimated as de-
scribed in the Appendix A. The proportions represent both currently irri-
gated and non-irrigated land in the eight water situationsr 
The weights are multiplied by the amount of endogenous cropland in 
the Ogallala counties by PA and land class to eliminate the constraints 
on irrigation from the Ogallala Aquifer, as shown in Table 9. The con-
straints can be expressed mathematically as in Equation 4b, where the 
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Table 9. Constraints on area irrigated from the Ogallala Aquifer 
by water situation and land class 
Producing Land Water 
area class situation 1990 2000 
(1,000 acres) 
55 1 1 48.591 34.677 
2 48.591 34.677 
3 103.987 118.641 
4 23.113 41.908 
5 114.509 72.396 
6 114.509 72.396 
7 272.333 259.529 
8 114.603 14 7. 671 
2 1 93.567 70.113 
2 93.567 70.113 
3 203.632 228.290 
4 61.039 101.600 
5 220.304 153.246 
6 220.304 153.246 
7 491.853 456.971 
8 204.288 250.723 
3 1 58.318 43.398 
2 58.318 43.398 
3 115.634 127.177 
4 38.779 59.992 
5 156.505 115.735 
6 156.505 115.735 
7 305.446 292.282 
8 124.385 154.474 
58 1 1 25.684 21.836 
2 25.684 21.836 
3 105.534 96.230 
4 50.848 71.166 
5 9. 272 6.329 
6 9. 272 6.329 
7 84.019 66.112 
8 46.143 53.004 
2 1 266.789 223.920 
2 266.789 228.920 
3 948.913 889.453 
4 487.294 605.564 
5 129.238 99.621 
6 129.238 99.621 
---
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Table g , (cont inued) 
Producing Land Water 
area class situation 1990 2000 
( 1,000 acres) 
7 747.361 630.885 
8 492.315 548. 186 
3 1 65.644 56.-974 
2 65.644 56.974 
3 218.127 207.448 
4 no. 378 148.255 
5 37.638 28.793 
6 37 • .638 28.793 
7 202.682 169.029 
8 187.215 203.509 
63 1 1 30.831 27~522 
2 82.840 77.527 
3 114.298 104.589 
4 92.413 111.550 
5 30.088 25.263 
6 115.232 103.577 
7 245.462 226.193 
8 · 105.255 125.347 
2 1 83.724 75.729 
2 224.169 217.409 
3 222.145 214.296 
4 136.603 168.875 
5 83.338 71.709 
6 291.244 267.912 
7 575.266 539.277 
8 208.265 246.407 
3 1 19.276 17.318 
2 60.934 58.609 
3 60.837 57.743 
4 41.080 49.832 
5 19.641 17.037 
6 81.365 75.611 
7 172.054 163.017 
8 57.743 68.096 
65 1 1 0.000 o~oao 
2 0.000 0.000 
3 0.000 0.000 
4 0.000 0.01)0 
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Table 9. (continued) 
Produci.ng Land Water 
area class situation 1990 2000 
(1, 000 acres) 
5 0.000 0.000 
6 0.000 0.000 
7 0.000 0.000 
8 0. 000 0.000 
2 1 32.185 30.820 
2 42.221 41.577 
3 77.841 78.181 
4 318,752 402.400 
5 51.886 44 .730 
6 135.232 115.528 
7 340.965 288.026 
8 889.935 855.375 
3 1 55.414 54.246 
2 48.520 47.813 
3 85.873 83.184 
4 169.415 201.821 
5 53.086 49.395 
6 129.174 117.151 
7 260.490 236.250 
8 330.581 328.485 
67 1 1 1.095 0.932 
2 2.216 1.905 
3 4.113 3.521 
4 4.360 5.157 
5 0.022 0.007 
6 0.066 0.031 
7 0.339 0.112 
8 0.755 0.440 
2 1 29.523 25.850 
2 93.685 78.219 
3 278.600 238.597 
4 394.362 446.705 
5 1.422 0.756 
6 6.362 3.675 
7 69.783 41.746 
8 140.112 120.665 
3 1 12.490 11.476 
2 32.257 27.962 
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Table 9. (continued) 
Producing Land Water 
area class situation 1990 2000 
(.1,000 acres) 
3 87.728 76.661 
4 114.744 129.425 
5 0.896 0.495 
6 2.208 1.381 
7 23.688 15.016 
8 46.028 41.326 
72 1 1 19.621 17.280 
2 37.103 34.814 
3 77.245 69.595 
4 129.138 168.430 
5 7.766 3.406 
6 18.139 10.810 
7 52.296 24.740 
8 120.977 91.005 
2 1 97.014 87.332 
2 176.121 162.342 
3 423.281 365.920 
4 586.663 769.928 
5 22.063 11.424 
6 49.351 31.593 
7 228.641 106.202 
8 472.142 368.809 
3 1 73.046 68.467 
2 102.753 99.504 
3 178.111 169.592 
4 119.731 195.095 
5 15.529 7.420 
6 34.888 21.687 
7 72.368 40.628 
8 106.962 90.248 
74 1 1 0.000 0.000 
2 0.000 0.000 
3 0.000 0.000 
4 0.000 0.000 
5 0.000 0.000 
6 0.000 0.000 
7 0.000 0.000 
8 0.000 0.000 
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Table 9. (continuetl) 
Producing Land Water 
area class situation 1990 2000 
(1, 000 acres) 
2 1 35.721 31.013 
2 56.051 53.078 
3 66.564 64.877 
4 15.825 20.390 
5 9.874 8.436 
6 17.898 15.920 
7 9.133 8.382 
8 1.020 1.358 
3 1 104.773 89.570 
2 178.353 161.611 
3 207.530 202.077 
4 51.568 67.682 
5 16.095 10.570 
6 32.414 24.625 
7 20.585 19.323 
8 3.944 5.187 
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subscript s would represent the eight water situations and the term L 
refers to the values in Table 9. The difference between one and the sum 
of the weights represents the proportion of non-irrigable land in the 
counties overlying the Ogallala counties. This, when added to the non-
irrigable land in the rest of the counties in the Ogallala Zone, results 
in the constraints shown in Table 6. Constraints for the area irrigated 
with surface water and with groundwater from other aquifers are given in 
Table 8. 
Demands and minimum quantities produced 
Domestic demands are estimated for domestic consumption, livestock 
feed requirements, other uses, and net exports. The total demand for 
all uses constitutes the minimum market region constraints on commodity 
availability. Commercial demand (direct consumption and industrial) is 
shown in Table 10. Livestock feed demands are estimated by Boggess1 
also in Table 10. Export demand (Table 4) is set at two different levels 
for 1990 and one level for 2000 and weighted to market region using a set 
of weights as described by Meister and Nicol (1975). 
1William Boggess, Assistant Professor, University of Florida. 
56 
Table 10. Domestic demands for 1990 and 2000 
Commodity Units Commercial Livestock 
---
(millions) 1990 
Corn bushels 560 4014 
Barley bushels 168 293 
Oats bushels 82 846 
Sorghum bushels 8 783 
Wheat bushels 650 191 
Oilmeal hundredweight 40 333 
Cotton bales 7062 
2000 
Corn bushels 612 4127 
Barley bushels 179 301 
Oats bushels 87 839 
Sorghum bush~ls 8 838 
Wheat bushels 656 200 
Oilmeal hundredweight 41 343 
Cotton bales 6770 
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III. EFFECT OF INCREASED ENERGY PRICES 
AND DECREASED DEMANDS 
The effect on increased energy prices is evaluated by comparing 
Solution II for 1990 and 2000 with Solution I for 1990 and 2000 respec-
tively. The effect of decreased exports is evaluated by comparing So-
lution III with Solution I 1990. Solution I 1990 and Solution I 2000 
are discussed in detail in the first section of this chapter. Changes 
in alternate solutions in resource use, endogenous prices, and economic 
effects in the Ogallala Zone are analyzed in subsequent sections. 
The Base Solutions: Solution I 
1990 and 2000 
Solutions I 1990 and 2000 are discussed in this section because 
they are the base solutions to which others are compared. Both solutions 
assume projected technology and resource availability, 1 an equilibrium 
optimal distribution of production, 2 and in current terms, high exports 
and energy prices all of which made the solution not directly comparable 
to the current situation. Solution I 1990 is discussed now in some de-
tail followed by a discussion of Solution I 2000. 
1Basically , trend increases in yields, livestock feed conversion, 
fertilizer use, and diminished supplies of land and water due to changes 
in exogenous agricultural and nonagricultural sectors. 
2optimal in the sense that farmers are assumed to only m~n~m~ze 
costs or maximize net returns. Risks and attitudes to risks are ignored, 
and capital like all resources except land and water is perfectly mobile, 
but demands are fixed regionally. 
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Solution I 1990 
A result, primarily of the level of exports and energy prices, is 
that crop prices are high in Solution I 1990. Corn, cotton, soybean, 
and wheat prices are $2.95 per bushel, $259 per bale, $7.03 per bushel, 
and $5.54 per bushel, respectively. 1 The changes assumed in yields would 
tend to reduce prices, but these effects are not as strong as that of 
high demand and energy prices. 
The high level of demands also leads to a fairly high level of 
resource use, especially resources which are substitutes for energy. 
Land use is shown in Table 11. Nearly all of the land available is 
brought into production in its most productive use. All but 0.9 percent 
of the non-irrigable cropland is used in the production of the endogenous 
crops. 
Table 11. Land use in Solution I 1990 
Item 
Cropland irrigable with 
surface water 
Cropland irrigable with 
groundwater 
Cropland irrigable from 
Ogallala Aquifer 
Private irrigation development 
Convertible pasture land 
Convertible forest land 
Non-irrigable cropland 
Most 
productive 
a 
use 
2,710 
4,839 
7,304 
843 
4,597 
6,445 
329,126 
Other 
use Total 
(1,000 acres) 
4,600 14,310 
2,760 7,599 
12,466 19,770 
733 1,576 
0 4,597 
153 6,595 
3,119 332,245 
a The most productive use is as irrigated cropland for the first 
four items and as non-irrigated cropland for the last three items. 
1Prices are expressed in 1975 dollars. 
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All of the convertible pasture land is used for the production of the-
endogenous crops and 98 percent of the forest land as well. A lot of 
the irrigable land is not irrigated: 32, 36, 47, and 64 percent, respec-
tively, of land irrigable with surface water, groundwater, new private 
developments of groundwater, and from the Ogallala Aquifer. 
Historically, there were 34.1 million acres irrigated in the area 
encompassed by the Western and Ogallala zones of the model in 1969, but 
5.2 million acres were in exogenous crops (Department of Commerce, 1972). 
This can be compared to the 22.7 million acres of endogenous cropland 
irrigated, plus 7 million acres of exogenous hay and pasture irrigated 
for a net increase in the area irrigated of 0.8 million acres over the 
results for the 1969 census. The amount of land irrigated in the Ogallala 
zone accords well with historical practices, especially when an allowance 
is made for the area not irrigated because of the decline of the water 
table. 
Several factors are involved in explaining why even more land is not 
irrigated, however. Most of the irrigation presently occurring in the 
United States was established under much lower energy prices than those 
assumed in the model. High energy prices discourage irrigation and es-
pecially irrigation with groundwater; energy use per acre is 2.87, 6.36, 
and 13.12 million BTU's for dryland, land irrigated with surface water, 
and land irrigated with groundwater in the areas selected in Solution I 
1990. The fact that the Model is not able to incorporate risk may also 
tend to reduce irrigation in the model. 
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The overall pattern of resource use in Solution I is shown in Table 
12. Water use amounts to 46.6 million acre feet. Fifty-two percent of 
the water used is groundwater, and 29 percent is groundwater from the 
Ogallala Aquifer. 
Nitrogen fertilizer use, including manures, is 18.6 million pounds, 
or 48 pounds per acre. Nitrogen use on irrigated land averages 90 pounds 
per acre. Yields are only moderately higher than current yields, except 
for corn. This is largely a result of trend projections of improved 
yields. 
Energy use in crop production is 1,275,084 billion BTU's of which 
56.6 percent represents direct purchases of energy for on-farm use, and 
the remainder is for agricultural chemicals. An additional 242,964 bil-
lion BTU's is needed for transportation of crops beLween regions. Aver-
age energy use is 3.30 million BTU's per acre. The cost of the total 
amount of energy required is 7.2 billion dollars. Diesel fuel is the 
most important fuel amounting to 44 percent of all energy costs. Nat-
ural gas, because of the importance of fertilizer, is close behind, ac-
counting for 41 percent of energy costs, while electricity and LPG rep-
resent 10 and 15 percent, respectively. 
Agriculture in the Ogallala Zone in the base solution is not too 
different in structure from current agriculture patterns. Between 10 
and 20 percent of endogenous production and resource use is located in 
1Alternatively, 1.275 Quads, where a Quad is defined as 1015 British 
Thermal Units. Total energy use in the United States in 1973 was 75 
Quads (Ford Foundation, 1974). 
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the Ogallala Zone. In terms of resources, 13 percent of the land, 15 
percent of the nitrogen and 18 percent of the energy is used in the 
Ogallala Zone. Eleven percent of production in terms of value is ac-
counted for by the Ogallala Zone. The Ogallala Zone is especially im-
portant in the national markets for sorghum, wheat and cotton, although 
hay and corn are also dominant crops within the zone. The area is in-
tensively irrigated, and nearly 90 percent of the water used in the area 
is groundwater. 
The pattern of irrigation within the Ogallala Zone is similar to 
current practices. A total of 8.4 million acres is irrigated in the 
Ogallala Zone (Table 12). The North Ogallala shows an expansion in irri-
gation of 20.1 percent over irrigation in 1974 (reported in Table 1). 
The Central and South Ogallala show a contraction in the area irrigated 
of 35.5 and 19.0 percent, respectively, over 1974, while irrigation in 
the entire area is one million acres less than in 1974. Most of the de-
cline in area irrigated is due to the decline in the water table as de-
scribed later. 
Solution I 2000 
There are two significant differences in the base solutions for 1990 
and 2000 due to the passage of time. During the 10-year interval, yields 
are as sumed to continue to increase at historical rates, but demands are 
assumed to grow only moderately. Also, additional pasture and forest 
developmentsareassumed. The amount of land available for irrigation in 
favorable water situations in the Ogallala Zone continues to decrease 
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because of the falling water table. The effect of the first two factors 
dominate so that productive capacity in 2000 is greater relative to de-
mands than in 1990. 
Land utilization in Solution I 2000 is given in Table 13. The num~ 
bers appear to be similar to those in Table 10 for Solution I 1990, but 
the total amount of irrigation is 16 percent less than in Solution I 1990. 
More tellingly, crop prices are 13 to 23 percent lower for the 2000 base 
than for the 1990 base. 
Table 13. Land use in Solution I 2000 
Most productive Other 
Item a Total use use 
(1,000 acres) 
Cropland irrigable with 
surface water 9, 778 4,452 14,230 
Cropland irrigable with 
groundwater 2,632 4,175 6,807 
Cropland irrigable from 
the Ogallala 4,871 13,081 17,952 
Private irrigation develop-
ment 1,255 1,009 2,264 
Convertible pasture land 7,471 0 7,471 
Convertible forest land 9,897 765 10,662 
Non-irrigable cropland 329,913 2,993 332,846 
aThe most productive use is as irrigated cropland for the first 
four items and as non-irrigated cropland for the last three items. 
Table 14 shows the resource use for Solution I 2000. The area irri-
gated is 4.2 million acres less than in Solution I 1990 with all of the 
decline in area irrigated with groundwater. The a rea irrigated with sur-
face water is slightly larger than in 1990. The non-irrigated area used 
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by the 11 endogenous crops increases 9. 1 million acres. The increase 
comes with a greater area of pasture and forest land convertible and 
from the decline in area irrigated. 
The use of water, nitrogen and energy declines relative to the 1990 
base. Water use is down because of the decline in area irrigated. Ni-
trogen use is down because of the increased knowledge efficiency assumed 
and the decrease in area irrigated. Energy use declines because of the 
lower levels of nitrogen and water used. 
The area irrigated in the Ogallala Zone declines sharply in all 
portions except the Central Ogallala. The decline is due to lower levels 
of prices resulting from the overall demand-capacity relationship and the 
cumulative effects of the declining wa ter table. 
Resource Use 
The model reduces the effects of increased energy prices by shifting 
to production practices and regions that use less energy. The use of re-
sources which are substitutes for energy is increased, while the use of 
energy and complementary resources declines. Where there a re limitations 
in substitution, as for land and water, the model shows an increase in 
the value of the resource by higher shadow prices for it. 
The model adjusts to decreased demand by adjusting among production 
methods and regions so that the most costly and marginally profitable 
activities in the base solution are reduced , The average shadow price 
of all crops is consequently lower, since these prices are determined by 
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marginal costs of production. The value of land and their farm income 
is also reduced because of the decline in crop prices, 
It should be noted that in evaluating results of increased energy 
prices demands are constant. This assumption is only realistic in so 
far as demands for agricultural commodities are inelastic. Where in-
creased energy prices have the same effect qualitatively as decreased 
demand, results tend to understate changes induced by increased energy 
prices that would be seen if this assumption could be eliminated. But 
including even linear demand functions woul~ require that a quadratic 
or separable programming model be used increasing model costs greatly 
and reducing the size of the model that could be used. 
Land use 
The effect of increased energy prices and decreased demand on land 
use is given in Table 15. The values shown in Table 15 represent per-
centage changes from the values given for land use in Tables 12 and 14. 
The amount of non-irrigated land and land irrigated with ground-
water and surface water all decline in response to decreased demand. 
Total land used as cropland declines by 3 percent while 34.5 percent of 
irrigated land is used as dryland. 
Changes in response to increased energy prices are more complex. 
The total amount of land used increases slightly with increased energy 
prices both in 1990 and 2000. The use of non-irrigated land increases 
mainly because of transfers of irrigated land to dryland, 
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Table 15. Effect of increased energy prices in 1990 and 2000 and decreased 
demands in 1990 on land use 
Zone ------~~L=a~n~d~I=rrigated With Groundwater Surface Water 'l'otal 
(percentage change) 
Increased energy prices for 1990: 
North Ogallala 
Central Ogallala 
South Ogallala 
Total Ogallala 
He stern 
Eastern 
Total 
Decreased demand for 1990: 
North Ogallala 
Central Ogallala 
South Ogallala 
Total Ogallala 
\'lestern 
Eastern 
Total 
Increased energy prices 
l~orth Ogallala 
Central Ogallala 
South Ogallala 
Total Oga llala 
He stern 
Eastern 
Total 
a::Jot applicable. 
for 
-66.0 
-21.7 
-44.3 
-48.3 
-22.5 
a 
NA 
-37.9 
-61.7 
-25.2 
-70.4 
-58.4 
-46.2 
NA 
-53.4 
2000: 
-63.0 
-41.8 
-3.3 
- 40.9 
-20.2 
NA 
-32.3 
0.0 -55.4 
56.1 
-14.8 
0.0 
-44.2 
10.4 
-43.5 
6.3 
-4.5 a a NA NA 
6.6 
-18.9 
0.0 -51.6 
-51.8 -27.5 
0.0 -70.2 
-9.n -55.1 
-9.3 -23.] 
NA NA 
-9.3 -34.5 
0.0 
-49.8 
0.0 
-38.9 
0.0 
-3.3 
0.0 
-35 .9 
-0.9 
-6.4 
NA NA 
-0. 8 
-15.7 
~ion-irrigated 
12.6 
1.1 
24.2 
8.9 
0.5 
0.0 
1.2 
11.6 
2.1 
34.3 
10.6 
0.7 
-4.8 
-1.1 
8.7 
3.0 
2.7 
5.0 
0.6 
0.0 
0.8 
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Land irrigated with groundwater declines sharply in response to both 
increased energy prices and decreased demand. The use of land irrigated 
with surface water rises by 6.6 percent in response to increased energy 
prices for 1990 but declines otherwise. The difference is attributable 
to productive capacity in the 1990 base solution. But most of the decline 
in area irrigated in all three alternatives to the base solution is due 
to the decline in the area irrigated with groundwater. 
Consequently, the largest changes in land use by region are those 
where irrigation with groundwater is significant. Furthermore, the per-
centage decline in area irrigated with groundwater is greater in the 
Ogallala Zone than in the Western Zone in all alternatives when compared 
to the base solutions. The decline is particularly large in the North 
Ogallala in all three cases given in Table 15 with the Central Ogallala 
relatively stable in 1990 and 2000, respectively. The Central Ogallala 
is relatively stable in 1990 because the depth to water in most of the 
area selected in the 1990 base solution is less than 100 feet. In con-
trast, a large proportion of the land irrigated in the 2000 base solution 
in the South Ogallala has depths to water greater than 100 feet. Irriga-
tion in this area continues to be economic because of the greater yields 
with irrigation in this region. 
The greater yield differential for irrigated land in the South 
Ogallala is a factor in all solutions. The historically large ratio of 
the area irrigated to cropland (see Figure 4, page 10) is perhaps mainly 
based on relative yield differentials. But even in the Ogallala Zone as 
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a whole the proportion of area irrigated with groundwater is greater than 
in the Western Zone. Consequently, the increases in the use of non-
irrigated land are proportionately as well as absolutely greater in the 
Ogallala Zone compared with the Western Zone, and especially in the South 
Ogallala in 1990. 
Land use in the Eastern Zone in contrast shows little change except 
that the area used declines 4.8 percent in response to decreased demands. 
Changes in land use by crop are reported in Figures lla, llb and llc. 
The reduced demand for Solution III 1990 is all a reduction in feed grain 
exports by assumption. Large reductions in the area used for feed grains 
is evident in all regions for this solution. The area for wheat, soy-
beans and cotton are also reduced in the Eastern Zone in Solution III 
1990. The land released from feed grains in the reduced demand solution 
is used for dryland wheat and hay in the Western Zone. Reduced feed grain 
production in the Ogallala Zone is accomplished by a large decrease in 
irrigated feed grains. The land released is used to produce dryland soy-
beans, cotton and some dryland wheat. Hay production in the Ogallala 
Zone is also reduced. 
The effect of increased energy prices is qualitatively similar for 
both 1990 and 2000, but differ in terms of magnitude. More dramatic 
shifts occur in the 1990 solutions probably because of relatively tighter 
demands and the greater extent of irrigation in marginally profitable 
areas in the 1990 base. The effect of increased energy prices in the 
Eastern Zone is to reduce the area used to produce feed grains and the 
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land released is mostly used to produce wheat. The opposite is the case 
in the Western Zone with a substitution of wheat for feed grains. There 
are only small changes in the land used for other crops in the Western 
and Eastern zones. Most of the changes in the Ogallala Zone in response 
to increased energy prices are to convert to dryland without large changes 
in the total area used for individual crops. 
Energy use 
The model adjusts to increased energy prices by substituting for 
energy intensive alternatives selected in the base runs. Average energy 
use per acre declines by 4.1 percent from the 1990 base and 2.5 percent 
from the 2000 base in response to increased energy prices. The model 
responds to decreased demands by eliminating the marginal, most costly, 
alternatives selected in the 1990 base which also turns out to be the 
most energy intensive. Average energy use per acre declines by 15.5 per-
cent in response to decreased demands. Energy use per acre declines for 
non-irrigated land, and land irrigated with surface or groundwater; it 
declines in all regions and the amounts of energy used for crop transpor-
tation, irrigation pumping, operation of farm machinery, and incorporation 
of chemicals all decline with decreased demand. 
Figure 12 shows total energy use and energy use for transportation, 
irrigation, machinery, and chemicals. Energy use in the base solution 
for 1990 is 1,441,803 billion BTU's while 1,339,311 billion BTU's are 
used for the 2000 base. The difference between the bases is due to two 
factors: increased yields assumed and lower relative demands allowing 
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a more energy efficient selection of alternatives for the base run. 
Energy used for chemicals and crop transportation rises by a small amount 
in response to increased energy prices while energy for crop drying and 
machine operation decline by less than one percent. The large change 
in response to increased energy prices, however, is for energy for irri-
gation which declines 41.8 percent for 1990 and 33.8 percent for 2000. 
Total energy use declines 19.1 percent in response to the decrease 
in demand, The amount of energy used for machine operation and crop dry-
ing declines by only 5.1 percent. Energy use in this category is closely 
tied to the amount of land used which declines by 11.75 million acres 
(3.0 percent) in Solution III. Energy for chemicals and crop transpor-
tation declines 22.1 and 25.3 percent, respectively, while energy for 
irrigation shows the largest change, declining 61.5 percent. 
Regional differences in energy use are shown in Table 16. The larg-
est regional declines in energy use in every case are in the Ogallala 
Zone. Energy use in the Eastern Zone actually increases by a small amount 
when energy prices are increased due to increases in the use of chemicals. 
Energy use in the Western Zone decreases by a small amount .. Energy use 
in a l l three major zones decreases sharply for decreased demand because 
of a reduction in fertilizer use. Still, the decline is much greater in 
the Ogallala Zone for Solution III as well. 
The decline in energy use within the Ogallala Zone is closely rela-
ted to conversion of land irrigated with groundwater to dryland. The 
largest declines in 1990 are for the South Ogallala which is fairly 
76 
Table 16. Regional changes in energy use 
Zone 
North Ogallala 
Central Ogallala 
South Ogallala 
Total Ogallala 
Western 
Eastern 
Total 
1990 
Increased 
Energy Prices 
-25.5 
-1.5 
-42.8 
-22.0 
-1.2 
0.1 
-4.1 
Decreased 
Demand 
(percentage change) 
-32.9 
-10.5 
-50.3 
-30.0 
-16.1 
-15.0 
-18.1 
2000 
Increased 
Energy Prices 
-21.2 
-5.8 
-4.8 
-11.3 
-2.8 
0.4 
-2.5 
stable in 2000, similar to the results for land use in Table 15. Also, 
the Central Ogallala tends to be most stable. 
The model is also able to reduce the impact of energy price rises 
by shifting fuel use. Expenditures on energy, measured in constant base 
solution prices decline by 4.8 and 2.9 percent in response to increased 
energy prices, although energy use declines by 4.1 and 2.5 percent for 
1990 and 2000 bases, respectively. The largest relative declines are 
for electricity and LPG while diesel expenditures in constant prices are 
nearly unchanged. Expenditures on diesel decline 8.4 percent in response 
to decreased demand but expenditures for natural gas, LPG and electricity 
decline by 32.0, 27.8 and 35.7 percent, respectively, and total expen-
ditures decline 21.8 percent. Thus, there is a general substitution of 
diesel for other fuels, especially LPG arid electricity when demands are 
decreased but the fu£1 mix does not change substantially with increased 
energy prices. 
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Water use 
Changes in water use, shown in Table 17, closely reflect the area 
irrigated; changes in water use per acre are very small relative to the 
changes in the amount of land irrigated, despite the inclusion in the 
production possibility set of rotations with reduced water. Water use 
falls by 16.9 percent overall for increased energy prices both in 1990 
and 2000. The decline in water use is much greater in the Ogallala Zone 
than in the Western Zone. The decline in water use is even greater for 
a decline in demand. Again, water use is affected more severely in the 
Ogallala Zone than the Western Zone. 
Table 17. Regional changes in water use 
Zone 
North Ogallala 
Central Ogallala 
South Ogallala 
Total Ogallala 
Western 
Total 
1990 
Increased 
Energy Prices 
Decreased 
Demand 
(percentage change) 
-52.6 -56.5 
-13.2 -27.4 
-50.5 -68.5 
-44.8 -55.3 
-4.0 -26.1 
-16.9 -35.4 
2000 
Increased 
Energy Prices 
-52.2 
-39.1 
-5.1 
-38.1 
-9.1 
-16.9 
Differences within the Ogallala Zone also show the same patterns 
as changes in land use in the Ogallala Zone. For the 1990 solutions, 
the Central Ogallala shows a relatively small decline in water use while 
the North and South Ogallala cut water use by more than 50 percent com-
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pa red with the base. For the 2000 solutions, the South Ogallala is 
relatively stable while the declines in water use because of increased 
energy prices in the North Ogallala are still more than 50 percent. 
Nitrogen use 
The changes in nitrogen use are more interesting in that results 
are not so closely tied to changes in land use. Total applied nitrogen 
actually increases in response to increased energy prices in 1990 by 
0.2 percent. Regionally, nitrogen use declines in the Ogallala and 
Eastern zones but increases in the Western Zone (Table 18). These 
changes are relatively minor. Nitrogen use per acre is increased for 
non-irrigated l~nd and land irrigated with both groundwater and surface 
water, but conversion of irrigated land to dryland reduces overall ni-
trogen use per acre. Almost the exact opposite pattern is evident in 
response to increased energy prices in 2000. The difference is presum-
ably due to the relatively tighter demands assumed for 1990 requiring a 
small net increase in nitrogen to maintain production. 
Nitrogen use falls sharply with decreased demands both because of 
reductions in nitrogen applied per acre and because of shifts in land 
use. Nitrogen applied per acre declines 21.1 percent overall and 18.6, 
31.8 and 30.9 percent on non-irrigated land, land irrigated with surface 
water and land irrigated with groundwater, respectively. But there are 
still many regional differences in these trends. Nitrogen use in the 
Eastern zone declines 29.1 percent even though all of this area is non-
irrigated. Declines in the Ogallala Zone and Western Zone are 18.2 and 
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18.6 percent, respectively, despite the conversion of irrigated land to 
dryland which uses less nitrogen per acre. 
Table 18. Regional changes in applied nitrogen use 
Zone 
North Ogallala 
Central Ogallala 
South Ogallala 
Total Ogallala 
Western 
Eastern 
Total 
Crop prices 
1990 
Increased 
Energy Prices 
-4.7 
4.4 
-20.5 
-3.4 
2.5 
-0.4 
0.2 
Decreased 
Demand 
(percentage change) 
-26.8 
-10.4 
-26.3 
-18.2 
-18.6 
-29.1 
-23.5 
Changes in Endogenous Prices 
2000 
Increased 
Energy Prices 
0.2 
8.1 
-11.0 
2.4 
-3.1 
1.2 
-0.3 
Increased energy prices necessarily increase costs of production 
in the model. With the relationship between inputs and outputs implied 
by an LP model, costs of production, defined here as the value of all 
purchased inputs, necessarily increase with the prices of some inputs 
because all production alternatives require purchased energy. But en-
ergy costs do not double when energy prices double because of substitu-
tions of other resources for energy. Crop prices, the marginal costs 
of the last unit of production, also increase. The model is able to 
substitute to reduce energy in that last unit of production but the in-
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creased prices of the energy needed by the marginal production unit and 
the cost of the substituted resources necessarily increase crop prices. 
In the market, the adjustment process whereby costs rise inducing changes 
within the industry may be difficult and the dominant concern of indi-
vidual producers. But the adjustment process in the model is instanta-
neous and painless. 
The actual changes in prices resulting from increased energy prices 
are shown in Figure 13. The effect of increased energy prices is some-
what greater for the 1990 solutions than the 2000 solutions because of 
the relatively higher demands assumed for 1990. The pattern by crop is 
very similar in both years. The price of cotton increases the least 
while wheat is affected most, although results are very similar for all 
crops. The range of price increases is 27 to 41 percent for 1990 and 
24 to 36 percent for 2000 over the base runs. Differences in the effects 
of increased energy prices by crop are attributable to the scope for 
substitution as well as the amount of energy required to produce a unit 
value of production. 
The effect of diminished demands on prices is not as great as the 
effect of increased energy prices and, naturally, in the opposite direc-
tion. The range of price decreases is 7 to 16 percent with feed grains 
and silage showing the largest relative change and cotton again showing 
the least. Feed grains might be expected to show the greatest change in 
price because the difference in demands for Solution III 1990 is entirely 
reduced feed grain exports. However, the impact is quite evenly distri-
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buted over all crops; soybean and hay prices decline 15 percent and 
wheat prices decline 14 percent. It is also possible to estimate an 
overall supply of elasticity from a comparison of Solution I and III 
1990 indexing quantities produced in terms of value of production with 
Solution I prices and indexing prices with Solution I quantities (i.e., 
with Laspeyres price and quantity indexes). The overall elasticity is 
0.44 indicating a one percent decline in prices is associated with a 
0.44 percent change in quantity supplied. The elasticity for the Ogallala 
Zone, however, is 0.60; production falls disproportionately greater in 
the Ogallala Zone than in the rest of the nation in response to a decline 
in demand. 
Land prices and farm income 
The model determines land prices endogenously as the shadow prices 
of the land constraints. Land prices represent the value of an addi-
tional unit of land in a specific situation with respect to region, land 
class and irrigation potential in reducing production costs. The price 
of land depends upon its value in substituting for purchased resources 
in satisfying demands. The prices tend to underestimate true land values 
if ownership of land is beneficial for reasons other than those directly 
related to value in production: deferred or lowered income, property and 
inheritance tax, speculative returns, the value of land as repository of 
wealth, and social and psychological benefits appurtenant to land owner-
ship may combine to give a greater price to land than considerations 
relating only to production. The shadow prices of land in the model 
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represent only the annual income the farmer can expect to derive from 
land in agricultural production and is, therefore, more closely related 
to the rental value of land. 
Land shadow prices are also closely related to but not identical 
with farm income. Returns to land are a component of farm income but 
charges against land because of mortgages held by the nonfarm community 
should be netted out. A portion of farm income is a return to labor 
which is included as a cost of production. Changes in prices of land 
determined by comparing model solutions is quite closely related to both 
changes in land values and farm income. 
The effects of increased energy prices and decreased demand on the 
rental value of land is shown in Table 19 by zone. Regional differences 
in each case are not pronounced and effects in each region are dominated 
by the national effects of increased energy prices and decreased demand. 
The effect of doubling energy prices is to increase the rental value of 
land by 56 percent over the base solution in the 1990 model and 45 per-
cnet in the 2000 model; the difference is readily attributable to the 
relatively higher demands in the 1990 model. Decreased demands reduce 
values 25 percent nationally. Land values in the Ogallala Zone tend to 
increase slightly less than the national average for increased energy 
prices and decrease more than the national average for decreased demand. 
Results in the Ogallala Zone are disaggregated to show more clearly 
the effect on irrigators in the Ogallala Zone. Table 20 shows the 
changes in the rental value of land for three categories of land in the 
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Table 19. Effect of increased energy prices and decreased demands on 
the rental value of land 
1990 2000 
Zone Doubled Energy Decreased Doubled Energy 
Prices Demand Prices 
(percentage change) 
North Ogallala 47.6 -23.9 43.6 
Central Ogallala 60.0 -26.7 44.5 
South Ogallala 59.7 -30.5 41.6 
Total Ogallala 54.8 -26.1 43.7 
Western 57.6 -25.8 45.8 
Eastern 55.9 -23.8 44.8 
Total U.S. 56.1 -24.6 44.8 
Table 20. Changes in rental value of land in the Ogallala Zone 
1990 Land Use 
Category Increased Energy Decreased Prices Demand 
(percentage change) 
Continuously irrigateda 45.2 -33.3 
Switched to dry land b 49.5 -30.7 
Other land in Ogallala 
Zone 56.2 -25.0 
Total 54.8 -26.1 
2000 
Increased Energy 
Prices 
27.0 
36.6 
45.7 
43.7 
airrigated from the Ogallala Aquifer in the base and alternate 
solution being compared with base. 
b Converted to dryland in alternate solution. 
Ogallala Zone: land irrigated from the Ogallala Aquifer in the base and 
alternate solution, land irrigated from the Ogallala Aquifer in the base 
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solution but converted to dryland in the alternate solution and other 
land in the Ogallala Zone. As expected, incomes do not increase as much 
for land in the first two categories in response to increased energy 
prices but the rental value of land increases significantly for all three 
categories. The rental value of land also decreases more for decreased 
demand for land in the first two categories but not drastically so. Less 
intuitively, the income from land which is converted to dryland in alter-
native solutions responds more favorably to decreased demand and in-
creased energy prices than land which is irrigated in both solutions. 
Of course, the unit value of land which is irrigated in all solutions is 
greater but for the production unit where individual incomes are equal, 
there are advantages in not being locked into irrigation. 
Thus, the model demonstrates that the farmer/landowner benefits 
substantially from increased energy prices where demands are perfectly 
inelastic and only the comparative equilibrium positions are considered. 
The magnitude of benefits is positively related to the level of demands 
relative to productive capacity but are distributed overl all regions 
and even the most energy-intensive producers, such as irrigators using 
groundwater in the Ogallala Zone. A lower level of benefits from in-
creased energy prices is received for land whose best use continues to 
require energy intensive production methods. 
Linkages in the Ogallala Zone: 
Production and Purchased Inputs 
The endogenous agricultural sector is related to the local economies 
of each region by the exchange of inputs and products implicit in each 
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activity of the model. The quantities produced and volume of inputs re-
quired in each locale constitute forward and backward linkages, respec-
tively, which in part determine local income and employment. An impor-
tant consequence, therefore, of increased energy prices and decreased 
demands is changes in the distribution of production and purchase of in-
puts. 
To compare production by region it is necessary to convert quanti-
ties produced to a common unit. Value of production is the common unit 
used to measure production with a single set of prices used for all zones 
and solutions for a given year. The national prices for the base runs 
are used; the vector of quantities produced is multiplied by the vector 
of prices and summed. Percentage changes from the base values are then 
compared by zone and solution. The solutions are structured so that pro-
duction in total does not change for increased energy prices but the dis-
tribution of production between zones may change. With decreased demands, 
total production declines and the distribution of production also changes. 
The volume of inputs used by zone and solution is also measured in 
dollar value terms. For the increased energy price solutions it is neces-
sary to adjust costs downwards by the additional expenditures on energy 
because of increased prices. Total expenditures on purchased inputs 
measured in this fashion is necessarily greater than in the base solutions, 
but the relative change in these expenditures by zone is significant. 
Similarly, expenditures for inputs for the decreased demand solution is 
necessarily less than in the base but the relative change is of interest. 
87 
Changes in the distribution of production and expenditures on pur-
chased inputs for the three major zones are given in Figure 14. The ef-
fect of increased energy prices, first of all, is to transfer production 
out of the Ogallala Zone and into both the Western and Eastern zones for 
both 1990 and 2000 solutions. Production increases most in the Western 
Zone both in absolute and percentage terms. The changes are much greater 
for the 1990 solutions than the 2000 solutions: production declines 
8.7 percent in the former case and 1.9 percent in the latter. The Ogallala 
Zone accounts for 11.5 percent of production in the 1990 base and only 
10.8 percent in the 2000 base because of the depletion of the water table 
and relatively lower demands assumed. The effect of increased energy 
prices is, therefore, greater for the 1990 solutions. 
Production declines 8.7 percent from the base for the decreased de-
mand solution in the Ogallala Zone. The corresponding number in the 
Western and Eastern zones is 5.8 and 7.5 percent respectively, demonstra-
ting that production in the Ogallala Zone base solutions is very marginal. 
The results for purchased inputs are very similar. Purchased inputs 
increase by 11.6 and 8.0 percent in the Western and Eastern zones, re-
spectively, for increased energy prices but only 0.1 percent in the Ogal-
lala Zone in the 1990 solutions. The results of increased energy prices 
for the 2000 solutions is less clear. Purchased inputs in the Ogallala 
Zone increase by 10.3 percent while the increase for the Western and 
Eastern zones is 11.9 and 9.9 percent, respectively. 
The effect of increased energy prices to the agricultural sector 
without a decline in the quantities of agricultural commodities demanded 
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Figure 14. Regional changes in production and purchased inputs 
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benefits the communities throughout the backward linkages in that addi-
tional non-energy inputs are required by the sector. The overall impact, 
looking at both the forward and backward linkages of increased energy 
prices, is to increase economic activity in both the Eastern and Western 
zones for both the 1990 and 2000 solutions. The effect in the Ogallala 
Zone for the 1990 solutions is negative, especially so in that the econ-
omy in these zones is more firmly based on agriculture. In 2000, where 
the area is less dependent on irrigation with groundwater, the region 
performs more like the nation as a whole. 
The effect of decreased demand on purchased inputs is most depres-
sive in the Ogallala Zone as well as enforcing the relatively large im-
pact of decreased production in the Zone noted above. The results for 
decreased demands indicate that were demands reduced through the price 
mechanism because of increased energy prices the detrimental effects in 
the Ogallala Zone would be still greater than shown. As with all of the 
other results presented, the Central Ogallala is relatively stable, 
especially in 1990 . The South Ogallala is most severely affected in 
1990. The very large relative declines in this zone in 1990 and, to a 
lesser extent, the North Ogallala would have a strong effect on the 
exogenous economies in these regions. 
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V. CHANGES WITHIN THE OGALLALA ZONE 
The effects of the decline of the water table with changes in eco-
nomic variables on agricultural production in the Ogallala Zone are com-
pared in this chapter. In evaluating this material it should be kept 
in mind that it has not been possible to include such factors as risk, 
uncertainty and sunken capital expenditures. The model may, therefore, 
exaggerate response to economic changes: the model response to decreased 
demand and increased irrigation costs because of the falling water table, 
for example. On the other hand, when the aquifer becomes too thin to 
support irrigation adjustments indicated by the model are inevitable. 
Effect of the Decline of the Water Table 
The area not irrigated because of the decline in the water table is 
found by comparing the amount of land in the water situations selected 
in the base run with the amount of land in the same water situations using 
the 1977 weights rather than the 1990 or 2000 weights. 1 The area depleted, 
therefore, is an economic phenomenon as well as a technical one. In total 
(Table 21), 1.05 million acres are depleted in Solution I 1990, which rep-
resents a decline of 11.1 percent in the area that would be irrigated in 
Solution I if there was no change in the water table. The Central Ogal-
lala shows the largest percentage decline of 15.8 percent, but most of 
this is because of reduced irrigation in PA 65. For both the North and 
Cen t ral Ogallala, the model selected land in the most favorable irriga-
1see Appendix Tables A.3 and A.4. 
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tion situations with depths to water greater than 100 feet being in the 
marginal range for irrigation. Land class three is generally not irri-
gated throughout. In the South Ogallala Zone, nearly all water situations 
are irrigated for land classes one and two. Consequently, nearly all of 
the area depleted in the South Ogallala is depleted because the aquifer 
is too thin to support irrigation, while the aquifer is depleted in the 
North and Central Ogallala because of a combination of the aquifer be-
coming too thin and the depth to water too great. 
Table 21. Area depleted because of the decline in the water tablea 
Solution 
I II III I II Zone 1990 1990 1990 2000 2000 
(1,000 acres) 
North Ogallala 431 184 223 518 332 
Central Ogallala 296 242 210 396 284 
South Ogallala 325 651 367 1,187 1,173 
Total 1,052 1,077 800 2,101 1,789 
aFor the 1990 solutions the area depleted is computed for the time 
period 1977-1990. For the 2000 solutions the area depleted is computed 
for the period 1990-2000. 
The area depleted in Solution II 1990 is about the same as the area 
depleted in Solution I. The distribution between the Ogallala Zone is 
quite different. The area depleted in the South Ogallala increases while 
the area depleted in the North and Central Ogallala decreases. The reason 
is that fewer irrigation situations are selected in Solution II in all 
three areas. Some of the areas with the greatest depth to water selected 
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in Solution I are not selected in Solution II. Consequently, the area 
depleted in the area selected is less in the North and Central Ogallala. 
The same phenomenon is at work in the South Ogallala but with opposite 
effect. This is because the decline of the water table causes a lot of 
the area to shift into greater depth to water classes. Depth to water 
is a factor in the area selected irrigated in Solution II but not in 
Solution I; consequently, the area depleted in the South Ogallala rises 
sharply. 
The area depleted for Solution III 1990 is only 0.8 million acres. 
The lower figure reflects a different selection of situations in which 
it is profitable to irrigate. Crop prices are lower and the area irri-
gated in the Ogallala Zone is sharply reduced from Solution I 1990. 
By 2000, the cumulative effects of the falling water table make 
large impacts on the area irrigated in the Ogallala Zone. The area de-
pleted in Soltuion I 2000 is twice that depleted in Solution I 1990. 
The effects on the South Ogallala is particularly pronounced with 1.2 
million acres lost there. Results are quite similar for Solution II 2000 
except that not quite as large an area is depleted because fewer irriga-
tion situations are selected because of increased energy prices. 
The economic impact of the decline of the water table can also be 
estimated from the solutions. It is assumed that the decline of the wa-
ter table would have very little effect on national prices; this is rea-
sonable since what we have is the conversion of one to two million acres 
to dryland production out of a total land base of 386 to 391 million 
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acres. Thus, the effect on value of products sold, important for forward 
linkages, is estimated by multiplying the area depleted times difference 
in sales per acre for dryland and irrigated land. The effect on returns 
to land (closely related to net farm income exclusive of returns to labor) 
is estimated by multiplying the area depleted in each irrigation situation 
with the difference in the returns to land (shadow price) between dryland 
and land in the particular irrigation situation. The model is structured 
1 
so that returns to land represent the differences between sales and pur-
chases inputs. Therefore, the effect on purchased inputs, important for 
backward linkages, can be estimated directly. 
The effect of the decline of the water table on sales and purchased 
inputs is illustrated in Table 22. Both of these items are highly depen-
dent on assumptions inherent in the solution. High energy prices increase 
the costs of energy inputs directly and indirectly increases land values. 
This, in turn, causes crop prices to rise increasing the value of crops 
sold. Consequently, the losses in purchased inputs and sales are great-
est for Solution II in 1990 and 2000. The decrease in demand lowers crop 
pr~ces as well as causing large shifts out of irrigation. With low crop 
prices for zone sales are not as critical both because a smaller area is 
depleted and because the value of extra crops produced on irrigated lands 
is not large. Of greater interest, perhaps, is the comparison between 
years and between zones. The decline in value of crops sold and costs of 
purchased inputs is much greater in 2000 than in 1990. In almost every 
sqlution the decline in economic activity in the South Ogallala is twice 
1 Where the surface wa ter constraint is effective, this hqs to be 
accounted for. 
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as much as the decline in either the North or Central Ogallala. More-
over, the economic decline in the South Ogallala increases much more rap-
idly than it does in the other two regions. 
The loss in farm income exclusive of returns to operator labor is 
given in Table 23. The effect on farm income is largely determined by 
the effect of assumptions on benefits per acre for irrigating. The bene-
fits are largest in situations where demand is relatively high and energy 
prices low. Farmers in the South Ogallala portion show much greater de-
creases in income in nearly every situation. This is because of the 
relatively greater advantages of irrigation over dryland formerly on this 
portion of the aquifer as well as the differences in area depleted. The 
loss in farm income for 2000 is not as large as might be expected because 
of lower crop prices going back to the assumptions made for each model 
solution. 
In all solutions it is quite evident that the economic environment 
in terms of energy prices and national demands are very important in de-
termining the area it is profitable to irrigate, and the area lost to ir-
rigation because of the aquifer. The area depleted is a very serious 
problem for the region by 2000 and entire region, but especially the South 
Ogallala portion will have to make large adjustments to the falling water 
table. 
Effects of Comparison with Increased 
Energy Prices and Decreased Demands 
The area not irrigated because of increased energy prices and de-
creased demands is shown in Table 24. The marked contrast between results 
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Table 24. Area depleted because of change in economic variables 
Zone 
North Ogallala 
Central Ogallala 
South Ogallala 
Total 
Increased Energy 
Prices 
2,030 
233 
1,667 
3,930 
1990 2000 
Decreased Increased Energy 
Demand Prices 
(1,000 acres) 
1,897 1,431 
433 622 
2,263 45 
4,593 2,098 
for 1990 and 2000 and differences by zone of the Ogallala have been noted 
above. Table 24 is presented for comparison with the area not irrigated 
because of the decline in the water table shown in Table 20. For the year 
1990, the area not irrigated because of the doubled energy prices or the 
seven percent decrease in demand is around four times as great as the area 
depleted because of the decline of the water table over the period 1977-
1990. For the year 2000, doubling of energy prices reduces the area irri-
gated by two million acres which is quite similar to the effect of the de-
cline of the water table over the period 1977. For the South Ogallala 1.2 
million acres are depleted because of the decline of the water table but 
only 45,000 acres are not irrigated because of the increased energy prices. 
Thus, in terms of area irrigated, the decline of the water table becomes 
the most important factor determining the future of the South Ogallala by 
the year 2000, but energy costs remain a primary consideration in the North 
and Central portion of the zone. 
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The effect of increased energy prices and decreased demand on pur-
chased inputs and the value of production calculated in constant national 
Solution I prices are shown in Table 25. These, in turn, may be compared 
with the corresponding values in Table 22. The values in Table 25 refer 
to changes arising from all endogenous land in the zone, but those in 
Table 22 derive from the much smaller area that is depleted. But it is 
the aggregate and not the per acre results i.n these tables that are of 
interest because aggregate results are related to linkages with the ex-
ogenous economies of the region. 
Table 25. Changes in value of products sold and inputs purchased, ex-
clusive of land charges 
Item 
Value of Production: 
North Ogallala 
Central Ogallala 
South Ogallala 
Total 
Purchased Inputs: 
North Ogallala 
Central Ogallala 
South Ogallala 
Total 
1990 
Increased Energy 
Prices 
-578,373 
-78,137 
-321,740 
-978,250 
44,094 
170,529 
-209,263 
5,360 
(1' 000 
Decreased 
Demand 
dollars) 
-376,500 
-53,703 
-459,087 
-889,290 
-316,870 
-72,111 
-223,803 
-612,784 
2000 
Increased Energy 
Prices 
-79,444 
-ll4,628 
-18,796 
-212,868 
73,901 
263' 776 
63,862 
401,539 
The effect of decreased demands, like that of the falling water ta-
ble, is to reduce both purchased inputs and production in all portions of 
the Ogallala Zone. For the reduction in demand selected and under the 
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1 
assumptions of the base run, total demand is reduced about 11.6 percent. 
The effect on the economic activity in the Ogallala Zone, however would 
be very large relative to the effect of the decline of the water table; 
this is true for all sections of the aquifer. 
The effect of increased energy prices where quantities demanded are 
held constant is to decrease production in the Ogallala Zone but increase 
the use of purchased inputs. This holds for all zones in 1990 and 2000 
except for the South Ogallala 1990 where the large shift proportionately 
in area irrigated results in a large decline in the use of purchased in-
puts as well. The level of economic activity shows a large decline for 
1990 relative to the decline in economic activity from the depletion of 
the aquifer. This is true for the zone as a whole, but also the Central 
Ogallala Zone as well. The level of economic activity for 2000 increases 
as a result of increased energy prices. The results for increased energy 
prices tend to be optimistic for the region, however, as the overall 
effect would be a weighted average of the results for increased energy 
prices and decreased demands were not quantities demanded held constant. 
Changes in farm income resulting from increased energy prices and 
decreased demand are given in Table 26. The values in Table 26 are pre-
sented for comparison with the changes in farm income due to the deple-
tion of the water table given in Table 23, so only income from areas ir-
rigated in the base solutions are included in Table 26. Farm income from 
all endogenous land in the Ogallala Zone increases by 3.0 and 2.0 billion 
dollars in response to increased energy prices 1990 and 2000 and decreases 
by 1.4 billion dollars for decreased demand in 1990. The effects on farm 
1M d . . easure ~n constant pr~ces. 
100 
Table 26 Changes in farm income (returns to land) on land irrigated 
from the Ogallala Aquifer in Solution I as a result of increased 
energy prices and reduced demand 
Zone 
north Ogallala 
Centr3l Ogallala 
South Ogallala 
Total 
North Ogallala 
Central Ogallala 
South Ogallala 
Total 
----
Increased Energy 
Prices 
146,943 
80 , 304 
174,068 
401,315 
66.44 
66.58 
54.88 
60.90 
1990 
Decreased 
Demand 
(1,000 dollars) 
-90,049 
-52,213 
-130,480 
-272' 742 
2000 
Increased Energy---
Prices 
84,782 
48,354 
53,545 
186,681 
(dollars per acre) 
-40.72 38.56 
-43.29 38.36 
-34.99 29.55 
-41.39 35.41 
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income in the @gallala Zone of doubled energy prices demand, are much 
greater than the effect of the decreased water table. The effect of de-
creased demands is ~till greater. But increased energy prices benefit 
farmers in the region even if irrigation is reduced. As shown in Table 
26, these conclus~ons hold for all portions of the aquifer for both 1990 
and 2000. 
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VI. IMPLICATIONS 
Limitations 
The last 20 to 30 years have seen very rapid growth in crop yields. 
Domestic demands and the land available for agriculture have been fairly 
stable. The model extrapolates these trends to the target years 1990 
and 2000. Without the rapid growth in exports also experienced over this 
time period, the continued growth in yields would have led to substantial 
excess capacity in the agricultural sector. The model is sensitive to 
these trends, and it is necessary to balance demands and production sub-
jectively to obtain an initial solution. To maintain this balance, a 
large continued increase in exports is assumed. 
Intervention in the agricultural sector has also influenced histor-
ical trends. The intervention has taken two forms: investments in re-
search, education, and extension which have led to the development and 
adoption of more efficient technologies inherent in the trend projections 
of yields; and income and price maintenance programs designed to benefit 
the agricultural sector. This last set of programs has functioned to 
limit supply, taking land out of production. These policies are not in-
cluded in any solutions, but they would to some extent be a substitute 
for the level of demands assumed. However, they may differ somewhat in 
impact in that regional advantage and resource use would be different. 
The structure of the model also does not represent the agricultural 
sector accurately in several important aspects. These must be understood 
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to properly appreciate how the results may be interpreted. The full effect 
of rises in energy prices is not shown explicitly in the model because de-
mands are fixed within each solution. What is presented as the effect of 
increased energy prices is actually the effect of a simultaneous increase 
in energy prices and demand so that quantities demanded do not change. 
But demands may be elastic, and, therefore, the full effect of an energy 
price rise would be a combination of the effects of the results given for 
increased energy prices and decreased demand. The magnitude of the two 
depends in part on demand elasticities. The full effect of an energy 
price increase is left to the reader's subjective evaluation. Where de-
creased demand and increased energy prices reinforce each other in their 
impact on a variable such as energy used, the results are unambiguous but 
give only a minimum lower bound of the full effect of an energy price rise 
in a model with capability of variable demands. Where they work in oppo-
site directions, such as on crop prices, results tend to be ambiguous. 
The model also overestimates resource mobility and ignores the time 
and costs involved in adjustments to changes in both physical and economic 
variables. It overlooks the fact that a decrease in pr oduction in one 
region and an increase in another represents a number of individuals in 
one area leaving the agricultural sector and different individuals else-
where taking up farming. The model makes s uch adjustments for very small 
diffe r ences in costs and is also willing to concentrate production region-
ally. 
There are a number of rea sons why this representation differs impor-
t antly from how the sector operates. Individuals may be unwilling or 
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• unable to leave agriculture even though they have to accept a lower in-
come from farming than a competitor elsewhere. It may also be difficult 
for production to expand elsewhere if the non-farm production, for ex-
ample, is not able to handle expansion in production. Established far-
mers may have better access to capital than beginning farmers, whereas 
the model does not differentiate. All costs are treated as variable and 
represent the costs needed to begin operation. Existing cost advantages 
because of sunk capital and immobile assets such as well, buildings and 
structures, and land improvements are ignored. 
Risks also are ignored. Irrigation may be preferred despite a small 
difference in income per acre if it provides a more stable farm income or 
even better use of family labor. Also, a greater diversity of crops pro-
duced than selected by the model would be preferred by the risk averse 
even if a lower income were involved. 
Another important feature of the model is that it is composed of 
fixed parameters and discrete variables which are approximations of in-
terdependent and continuous real world counterparts. Activities are 
selected on the basis of mean values estimated independently. Interde-
pendence between coefficients and model results is ignored; irrigation 
costs, yields, and crop prices are treated as independent, but this may 
not be the case. Consequently, results are more meaningful at higher 
levels of aggregation, or, conversely, it is necessary to disaggregate 
model structure more in an area of particular interest as is done in the 
Ogallala Zone at a cost of model size and computing cost. 
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Data limitations should also be kept in mind. The weights used to 
disaggregate the Ogallala Zone were derived from data from a great variety 
of sources. The combination of these data in producing the weights in-
volved a number of key assumptions and rather ad hoc procedures. Devel-
oping other land constraints also involved a number of key assumptions. 
The implication of all of the above is that none of the solutions 
should be treated as or thought of as a prediction or even a projection. 
Rather, it is the comparison of results that demonstrates the effects of 
changes in assumptions that is meaningful. The effects of changes in 
assumptions should be interpreted to show direction and relative strength 
of impacts rather than as an exact prediction. But the evaluation of the 
results together with an appreciation of limitations of the model can 
lead to a broader understanding of issues and approaches to the further 
development of area over the Ogallala Aquifer. Some of these issues are 
discussed in the conclusions which follow. 
Conclusions 
It has been demonstrated that agricultural production in the Ogallala 
Zone will decline because of the fall of the water table and result in 
adverse effects on farm income and economic activity in the area. More 
importantly, it was demonstrated that a large portion of irrigation in 
the Ogallala Zone is a marginal activity compared to alternative methods 
of production possible under the present and foreseeable framwork of en-
ergy prices. This result is an important consideration in evaluating the 
appropriate public response to decline of the region. 
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The problem of the appropriate public response to exhaustion of the 
stock of groundwater is not without precedence. Rich Johnson (1977) 
describes how a similar process of development in Arizona led to the 
Central Arizona Project. There has been widespread interest in a similar 
"High Plains Project" to solve the problem of the Ogallala Aquifer as 
described in the first chapter. However, the public provision of imported 
water is not necessarily the appropriate response. The people in the area, 
and particularly the landownsers, have made large fortuitous gains in 
both their income and wealth as the economic significance of the aquifer 
became appreciated. The decline of the viability of the aquifer is slow 
and foreseeable. It may be concluded, therefore, that the public does 
not have a responsibility to compensate the farmer landowners of the re-
gion. 
Still a "High Plains Project" may be appropriate if justifiable 
economically. However, a justification in terms of benefits to farmers 
will not be found. The benefits cost ratio of the Bureau of Reclamation 
study conducted during a time of generally low energy prices has been 
noted above to be 0.27. Alternative import proposals being examined by 
the study funded by the Economic Development Administration all are ex-
amining routes from the Missouri-Mississippi system. The altitude of the 
Missouri River drops bel9w 1,500 feet from northern South Dakota. The 
altitude of the High Plains is· around 3, 000 feet and water imported will 
have to be lifted by the difference in altitude. Yet the model showed 
that irrigation from the Ogallala was very marginal except where pumping 
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lifts were 100 feet or less. Thus, a rational justification of a "High 
Plains Project" will have to focus upon multiplier effects upon the com-
munity where it seems unlikely that sufficient benefits will be found. 
It should also be noted that the commonality in water rights is 
largely accepted by the institutions governing the use of Ogallala water, 
encouraging overuse of the water. It would be useful to estimate how 
important a factor this is in determining withdrawals and, if important, 
attempt to develop the appropriate means of controlling this problem. 
The present piecemeal approach using voluntary conservation districts 
seems inadequate. It is ironic that there are at least three publicly 
funded projects evaluating the import of water to the Ogallala Zone, but 
no attempts are made to control misuse of the water from the aquifer. 
The certainty of the declining water table should not obscure the 
vulnerability of the region in an economy with high and rising energy 
prices. In the short term, rising energy costs will require more adjust-
ments by farmers in the region than the falling water table. Neglecting 
adjustment costs, farmers in the region may benefit from rising energy 
prices, although this conclusion would be mitigated if demands for agri-
cultural commodities are somewhat elastic. Farmers who are forced to 
convert to dryland are not in an especially critical position if they 
can find sufficient demand for their labor. There are the marginal irri-
gators whose costs of irrigation absorb most of the benefits in increased 
production. It is the farmer who's best option is to continue his energy 
intensive production methods who benefits the least (and is hurt the most 
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by a fall in demand). However, economic activity in the Ogallala Zone 
may be reduced as in the 1990 solutions and local economies suffer. 
The appropriate political response, therefore, should focus on 
making more efficient use of Ogallala water, reducing energy needs asso-
cia t ed with irrigation, and encourage alternate industries not heavily 
based on water to substitute for the decline in agricultural production 
based on irrigation. The changes should be anticipated and facilitated. 
Research into techniques which conserve both water and energy should 
have a high priority. Alternatives of this type include development of 
more water-efficient crop varieties, irrigation scheduling, reduction 
in irrigation losses from conventional water distribution methods, adop-
tion of drip or trickle irrigation systems, and the development of al-
ternate energy sources for irrigation such as solar and wind. 
The future of the area and people who live there may be very bright 
when the human energies that have gone into the development of the re-
gion are redirected into new areas adapted to the new situation in the 
region. 
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APPENDIX A: ESTIMATION OF WATER SITUATION 
WEIGHTS FOR IRRIGATION FROM 
THE OGALLALA AQUIFER. 
Figure A.l shows all of the counties in the seven Ogallala PA's that 
are assumed in this study to draw upon the Ogallala Aquifer for at least 
part of the water that the county needs for irrigation. Each of the PA's 
is subdivided into eight water situations defined in terms of depth to 
water and saturated thickness of the aquifer. The saturated thickness 
intervals are 0-100 and 100+ feet, while the depth to water intervals are 
0-50, 50-100, 100-200, and 200+ feet. Different irrigation costs and 
energy coefficients per acre foot of water pumped are used for each water 
situation. The amount of land in each situation limits irrigation. This 
section describes how the amount of land in each situation is estimated . 
The amount of land in each situation is estimated from a set of 
weights developed by county for intersections of depth to water and sat-
urated thickness intervals. The weights were developed from maps of the 
aquifer showing contours of these intervals. The maps were available 
from a number of authors, as shown in Table A.l, and each had its own 
peculiarities, so different methods were used in estimating the weights. 
Region A, for example, consists of all but three of the Nebraska counties 
for which weights were calculated. The reference year, for which the 
data from each source are applicable, is shown in Table A.l. For region 
A, the reference year was not clearly stated but probably refers to 1965 
Figure A. J. 
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Area within the Ogallala Zone for which water situation 
proportions are estimated 
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or earlier, but 1965 is assumed. From some sources, contours of equal 
saturated thicknesses and equal depths to water are given on a single 
map. The intervals between contours represent water resource situations. 
Each water-resource situation is defined by the intersection and satur-
ated thickness interval with each depth to water interval. 
The area encompassed by the intersection of each saturated thickness 
interval with each depth to water interval is measured with a polar plani-
meter or in a few instances by "counting dots." Each area is then di-
vided by the area of the county found by adding the individually measured 
areas. The final result is a matrix of weights, each weight representing 
the proportion of the area of each county that falls in each water-resource 
situation. An example is given in Table A.2. This method of estimating 
weights is followed for data from all sources. 
Table A.2. Example: weights for water resource situations calculated 
for Cheyenne County, Kansas 
Saturated Depth to water 
thickness 0'-50' 50'-100' 100'-200' 200'-300 1 
0'-50' .1731 .0983 .0783 .0454 
50'-100' .0043 .0353 .1166 .0439 
100'-200' .0069 .0305 .2564 .1065 
200'-300' .0015 .0030 
Data from most sources are not found on a single map. For regions 
B, C, and I, transparencies are prepared from one map and overlayed on 
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a second map. Region A was a special problem in that not only are sat-
urated thickness and depth to water contours on separate maps, but the 
maps are very large scale. These maps were enlarged by projecting them 
onto a screen and tracing the contours overlying saturated thickness 
contours and depth to water contours . Regions F, G, and H, which com-
prise all of the Ogallala area in PA 63 and region K, also presented 
special problems in that maps of saturated thickness contours only are 
available. Each of these saturated thickness intervals was subdivided 
into depth to water intervals in the same ratio as the comparable sat-
urated thickness intervals in the adjacent counties. Some of the most 
reliable data were found for region J, which consists of the High Plains 
of Texas. Texas is far ahead of other states in detailed ongoing moni-
toring of ground water. A large network of observation wells has been 
established and data computerized so that computer generated maps of each 
county are available. A 45-county set of saturated thickness maps and a 
45-county set of pumping lift maps with contours in 25-foot interval s are 
used f or Texas. These are traced at 50-foot intervals so that the areas 
of intersection of saturated thickness and pumping lifts could be esti-
mated. Pumping lift consists of depth to water plus drawdown. The draw-
downs assumed are given in formulas which depend upon saturated thickness, 
so it is necessary to convert the intervals back to depths to water. 
The raw weights are used in a PLl program designed to adjust them 
to the base year 1990 and to eight common intervals of depth to water and 
saturated thickness. The adjustment throughout assumes that land is evenly 
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distributed within the range represented by a water-resource situation. 
Although this is almost certainly not the case within any given range, 
counties are eventually aggregated into PA's, so errors introduced by 
this assumption cancel out. The program adjusts each weight iteratively 
so that a portion of the weight is reassigned to a lower saturated thick-
ness interval and a higher depth to water interval. The proportion re-
assigned is determined by the rate of decline of the saturated thickness 
interval as shown in Equation A.l: 
where 
w .. +1 1, J, t 
i 1,2, 
j 1,2, 
t 1,2, 
D . ) W . +l . + D . ( 1 
1 1 ,],t 1 D.) W .. l + 1 1,]- ,t (A.l) 
for the saturated thickness interval, 
for the depth to water interval, 
for the year, 
W. . is a county weight for saturated thickness interval i, 
1
'J,t depth to water interval j, and year t, and 
D. is the proportional change interval boundaries defined 
1 
as the rate of decline of the aquifer in feet per year 
divided by the width of the saturated thickness interval. 
Each weight for each county is iteratively adjusted the appropriate num-
ber of times so that all weights represent a base year. The rates of 
decline used for counties in Texas are for 20-foot intervals obtained 
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1 from the Texas Department of Water Resources. Rates of decline for 
other counties are simply county averages assumed to hold over all 20~ 
foot intervals estimated from a variety of sources. 
The county weights are simultaneously aggregated into the eight wa-
ter situation intervals and averaged to PA level by land class for land 
classes one to three. Nearly all irrigated land in the seven PA's in 
the Ogallala Zone are in land classes one to three, so land in land 
classes four and five is not disaggregated into water situations. A por-
tion of the land in the 0-100 foot saturated thickness interval is assumed 
non-irrigable because the aquifer would be so thin as to preclude suf-
ficient well yields for irrigation. The proportion assumed non-irrigable 
is 20 percent for all areas in PA's 55, 58, 65, 67, and the northern three 
counties in PA 72, and 30 percent for the rest of the area. The weights 
used to average the county weights to PA level are the proportion of non-
irrigated and irrigated (minus surface irrigated land) land by land class 
and PA that is in the county estimated from the 1967 Conservation Needs 
Inventory (1971). Thus, the final weights should apply to all irrigable 
cropland and not just cropland currently irrigated. The weights can then 
be multiplied by the amount of non-irrigable and irrigable land (exclud-
ing surface irrigable) included in the counties in the shaded area . 
The weights do not add to one, because the original weights add to 
less than one for counties which lie on the boundary of the aquifer and 
1 Personal communication. December, 1979. Much of the data are 
available in a series of studies by Wyatt, Bell and Morrison (1977). 
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because of the portions assumed non-irrigable because of the thinness of 
the aquifer. The difference between the sum of the weights and one is 
the proportion of the PA in the shaded area that is non-irrigable by land 
class. This is added to the non-irrigable area in the non-shaded counties 
in Figure A.l to give the dryland constraints in Table 3. 
Final PA weights for three years are given in Tables A.3-A.5. The 
weights for 1977 and 1990 are estimated as explained above. The weights 
for 1000 are calculated as above except that the rates of decline are 
modified according to the water the model elects to withdraw form the 
aquifer according to Solution I 1990. Water withdrawn in the model so-
lution was 137, 55, and 106 percent of the water withdrawn in 1974 in 
the Northern, Central, and South Ogallala, respectively. Therefore, the 
decline rates were modified proportionately for the ten iterations be-
tween 1990 and 2000. 
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GLOSSARY 
Aeolian (deposits or materials): Kind of soil deposited by heavy wind 
blow. 
Alluvial deposits: Material deposited by moving water at any point where 
the velocity of a river is· checked. It mostly consists of silt, 
sand and gravel. 
Aquifer: A geologic formation, group of formations, or part of a forma-
tion that contains sufficient saturated permeable material to yield 
significant quantities of water to wells and springs. 
Constant prices: The prices, displayed in a time series, have been cor-
rected to reflect a price level that existed at a certain date 
called the base period. 
Constraints: Side relations or subsidiary conditions which narrow the 
range of the objective function. 
Endogenous variables: Variables whose solution values we seek from 
model (originating from within) are known as endogenous variables. 
Epoch: A term for geologic time. The largest unit of geologic time is 
the eon. The history of life on earth is encompassed by the phanero-
zoic/eon. Eons are in turn divided into eras. The Phanerozoic eon 
consists of three eras. Eras are divided into periods. The most 
recent era, the Cenozoic, is divided into the Tertiary and Quaternary 
periods. The periods are divided into epochs. Each time period is 
defined because of distinctive characteristics of rocks and/or fos-
sils thought to originate in the time period. 
Exogenous variables: Variables which are assumed to be determined by 
forces external to the model, and whose magnitudes are accepted as 
given data only. 
Formation: In geology a formation is a sedimentary bed or series of beds 
sufficiently homogeneous or distinctive to be regarded as a unit. 
Sedimentary beds are formed from material deposited in layers (strata) 
through settling of non-dissolved material, precipitation from so-
lution, and from the remains of living organisms as in the case of 
limestone. 
Holocene (recent) epoch: It is a subdivision of the Quaternary era coin-
ciding with the period of modern man, the retreat of the last glacier 
advance. The period consists of the most recent 2000 years. 
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Pleistocene Epoch: The epoch which succeeded the Pliocene. This forms 
the earliest subdivision of the Quaternary Era and is characterized 
by the periods of the expansion of the glaciers and the period of 
the emergence of man and his immediate evolutionary predecessors. 
The beginning of the epoch coincides with the ending of the Tertiary 
Period and the Pliocene Epoch two to three millions years ago and 
ends with the Holocene Epoch. 
Pliocene Epoch: In geology, Pliocene refers to the system of strata ly-
ing between the Miocene and Pleistocene. Pliocene Epoch refers to 
the period of increasing number of living species and carnivores 
and this period is considered the last of the Tertiary Period. The 
period began nine to ten million years ago and ended two to three 
million years ago. 
Potentiometric surface: The hydrostatic pressure level of water in the 
aquifer. 
Recharge: The process of addition of water to an aquifer. The water 
may be absorbed from precipitation, streams, and lakes, either dir-
ectly into a formation or indirectly by way of another formation. 
Restraints: Side relations or subsidiary conditions which narrow the 
range of the objective function. The term is used interchangeably 
with constraints in describing programming models. 
Risk: Refers to the variability or outcomes which are measurable in an 
empirical or quantitative manner. 
Saturated materials: A subsurface zone in which all the spaces between 
soil particles are filled with water under pressure greater than 
atmospheric. The upper surface of the zone of saturation is the 
water table. 
Shadow price: Marginal Value products of the corresponding resource, 
and it refers to the additional increment of profit (marginal re-
turn) for one unit increase of available resource. 
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